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Analysis of Glycerol 3-Phosphate Dehydrogenase and Sarco/Endoplasmic 
Reticulum Calcium Ion Channel ATPase for Use in Deep Metazoan Phylogenetics 
 
Terry G. Campbell 
 
ABSTRACT 
 
 
 
Genetic sequence data have been widely used to analyze metazoan phylogenies 
for two decades, and numerous datasets have been generated for testing relationships at 
many different taxonomic levels.  The rapid divergence of major metazoan body plans 
during the Cambrian explosion confounds the determination of phylogenetic relationships 
among metazoan phyla.  Few molecular analyses at this level have used both multiple 
genes and broad taxonomic representation.  Furthermore, most studies have relied 
exclusively on the small ribosomal subunit rRNA gene (SSU).  Many of the other genes 
that have been examined have possessed substitution rates that are inappropriate for 
resolving the relationships among metazoan phyla.  High substitution rates produce 
homoplasy, while low rates limit informative changes. 
Glycerol 3-phosphate dehydrogenase (G3PDH) and sarco/endoplasmic reticulum 
Ca2+ channel ATPase (SERCA) were chosen for phylogenetic analysis.  These genes 
have low copy numbers, ubiquitous expression, and similar substitution rates among taxa, 
which complement the substitution rate of SSU.  These genes were sequenced from 17 
metazoan phyla for comparison to SSU phylogenies.  Various combinations of the new 
datasets and a dataset of SSU sequences from comparable taxa were examined using 
Bayesian, Maximum Likelihood and Neighbor Joining phylogenetic methods. 
The new genes produced metazoan trees similar in topology to SSU phylogenies.  
Resolution and nodal support values increased with dataset size.  Deuterostomia, 
Arthropoda and Lophotrochozoa were further examined to determine if dataset 
combinations could provide better resolution than SSU data alone.  The analysis of 
combined datasets provided high support for the monophyly of all examined bilaterian 
phyla except Annelida and Platyhelminthes.  Sipuncula consistently grouped within 
Annelida, while Acoela branched at the base of Bilateria away from the monophyletic 
Euplatyhelminthes.  Support was also found for the monophyly of Euchordata, 
Ambulacraria and Echinozoa within Deuterostomia; Insecta, Pancrustacea, Euchelicerata 
and Chelicerata within Arthropoda; and Eulophotrochozoa, Lophophorata and a clade 
comprising (Nemertea (Annelida (Mollusca + Lophophorata)) within Lophotrochozoa.  
However, the positions of Ophiuroidea, Collembola, Myriapoda, Rotifera and 
Euplatyhelminthes varied among analyses.  Many of these results have been predicted by 
other genetic and morphological analyses.  However, this is the first time that molecular 
analyses have produced resolution within Eulophotrochozoa.
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Chapter One: Introduction 
 
Classic Metazoan Phylogenetics 
Systematics, Cladistics, and Phylogenetics 
 Systematics, the science of categorization, seeks to understand and explain diversity 
by organizing organisms into taxonomic categories.  Since the earliest systematic studies 
by Aristotle, almost all classic (i.e. non-molecular) systematic schemes have utilized 
morphological and embryological similarities to categorize multicellular animals 
(metazoans) (reviewed in Pellegrin, 1982).  Since 1901, there has been a consensus 
among zoologists to employ the taxonomic system proposed by Carol von Linné 
(Carolus Linnæus) in 1758 in the tenth edition of his Systema Naturæ (reviewed in 
Brusca and Brusca, 2003; but see Hyman, 1940). 
 The Linnean system, modified somewhat by subsequent workers (e.g. Haeckel, 
1866), arranges organisms into hierarchical, nested, taxonomic categories based on levels 
of morphological and embryological similarity.  Linnean categories are ranked and when 
arranged from most specific to most general are: species, genus, family, order, class, 
phylum, and kingdom.  Category delineations are arbitrarily defined by organismal 
specialists.  Binomial, italicized, Latin nomenclature distinguishes species and comprises 
the capitalized genus name and non-capitalized specific epithet (e.g. Mus musculus = 
common mouse) (reviewed in Brusca and Brusca, 2003; Hyman, 1940; Valentine, 2004). 
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 Lamarck was the first authority to recognize that taxonomic categorizations might 
reflect evolutionary relations, and in 1809 he generated the first known bifurcating 
dendrogram illustrating his hypothesized relations among major animal lineages 
(Lamarck, 1809).  Other early nineteenth century workers also produced significant 
systematic works (e.g. Cuvier, 1863).  However, the use of bifurcating trees and 
evolutionary relationships in systematics were generally appreciated only after the 
publication of Darwin’s The Origin of Species (1859), and it was only in the second half 
of the nineteenth century that researchers began to explore animal evolutionary 
relationships in earnest.  Haeckel, one of the most influential post-Darwinian 
evolutionists, coined the term “phylogenetics” to describe the systematic study of 
evolutionary relationships.  Furthermore, Haeckel created the first general guidelines for 
phylogenetic studies and strongly influenced the widespread use of bifurcating 
phylogenetic trees (Haeckel, 1866, 1874; reviewed in Hyman, 1940; Nielsen, 2001). 
 The general guidelines of Haeckel were expanded by Zimmerman in 1931 (reviewed 
in Felsenstein, 2004).  Hennig (1950; 1966) latter used the work of Zimmerman to create 
a rigorous formalized system of cladistic phylogenetic systematics.  In the Hennigian 
system only shared, derived, homologous structures (i.e. positive synapomorphies) are 
considered informative when determining relationships.  Since its introduction by Owen 
in 1843, the concept of homology has been refined by numerous authorities (reviewed in 
Bolker and Raff, 1996; Patterson, 1988).  Generally speaking, homologous structures 
share basic architecture, embryological derivation, function, and most importantly, 
common evolutionary origin. 
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 Negative synapomorphies, (i.e. shared missing characters) sympleisiomorphies, (i.e. 
shared ancestral characters) and homoplasies (i.e. convergent characters) are rejected for 
cladistic comparisons.  Moreover, only monophyletic taxa, clades comprising a common 
ancestor and all descendant taxa, are considered valid in this system.  Paraphyletic taxa, 
groups containing a common ancestor and some but not all descendants; and polyphyletic 
taxa, comprising groups with no recent common ancestor, are forbidden.  Evolutionary 
relationships are represented with bifurcating phylogenetic trees.  Strict node-based clade 
definition creates a hierarchical but unranked, nested taxonomic system (Hennig, 1950, 
1966; reviewed in Ax, 1996; Brusca and Brusca, 2003; Nielsen, 2001; Patterson, 1988; 
Valentine, 2004).   
 The utility of each taxonomic system is limited, and neither the Linnean nor 
Hennigian system is widely used in its most rigorous form.  The Linnean system 
inadequately describes phylogenetic relationships, while the Hennigian system rapidly 
becomes unwieldy as taxa are added.  Strictly speaking, the categories of these two 
systems are both incomparable and incompatible.  However, a functional hybrid system 
can be utilized in most cases, provided that ancestral organisms are ignored, clade 
diversification progresses rapidly and produces few intermediate taxa, and clade defining 
morphologies are sufficiently distinct (reviewed in Brusca and Brusca, 2003; Valentine, 
2004). 
 These criteria are approximated often enough that modern systematics efficiently 
employs Linnean categories based on cladistic considerations, with extra categories (e.g. 
subclass) occasionally utilized to more finely describe phylogenetic relations.  However, 
when a sub-clade displays significant morphological disparity, the remaining members of 
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the encompassing taxon may be accepted as a paraphyletic group (e.g. the great ape 
family Pongidae does not include humans) (reviewed in Brusca and Brusca, 2003; 
Hickman et al., 1993; Valentine, 2004). 
 The recent spread of molecular phylogenetics has generated considerable cladistic-
like nomenclature.  However these naming systems are rarely Hennigian.  Node based 
nomenclature is often mixed with Linnean categories.  Moreover, names are used 
inconsistently among authorities, and not all nodes are named (Hennig, 1950, 1966). 
Deep Metazoan Relations: The Problem 
 Deep relationships, those ranging from subkingdom to class level, are some of the 
most difficult to elucidate in metazoan phylogenetics.  Accurate phylogenetic assessment 
at this level is crucial for understanding the evolution of developmental processes and 
functional morphologies; for tracing trends and constraints of genetic and morphological 
characters; and for developing theories of macro-evolutionary processes. 
 High level metazoan taxa are usually defined by unique body plans and 
embryological processes, leading to a paucity of common characters for comparison.  
Moreover, those characters which are shared among taxa at this level are usually 
distributed in such a manner that distinguishing among synapomorphies, 
sympleisiomorphies and homoplasies is exceedingly problematic.  Critically assessing 
these characters, and deciphering the relations among them requires detailed knowledge 
and expertise across a wide array of lineages.  These difficulties are further exacerbated 
by a lack of consensus concerning the taxonomic constitution and number of metazoan 
phyla (most average 30-35) (Hyman, 1940, 1959; Valentine, 2004; Willmer, 1990). 
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 The fossil record is largely uninformative for use in resolving relationships at this 
phylogenetic level.  Many extant metazoan phyla make an abrupt and almost (but see 
Chen et al., 2004; Martin et al., 2000) unprecedented appearance near the Cambrian-
Neoproterozoic boundary ~543 million years ago.  Strata covering the next fifteen to 
twenty million years contain bewildering arrays of taxa at the class-order level for most 
phyla (House, 1979; Morris, 1993; Valentine, 1994, 2004). 
 This entire phenomenon, called the Cambrian explosion, is usually interpreted as the 
rapid emergence and diversification of modern body plans, possibly by a reorganization 
of developmental genetic pathways precipitated by major ecological changes (Davidson 
et al., 1995; Erwin and Davidson, 2002; Knoll and Carroll, 1999; Peterson et al., 2000; 
Valentine, 1994; Valentine et al., 1996; Valentine et al., 1999).  Most extant metazoan 
phyla are believed to have originated at this time.  Almost all of those metazoan phyla 
that are missing from this period have small (< 2mm), soft bodies and are entirely absent 
from the fossil record (reviewed in Giribet, 2002; House, 1979; Morris, 1985, 1989; 
Olson, 1981; Valentine, 1997, 2004). 
 The Cambrian explosion presents classic phylogenetics with two principal 
difficulties.  The brevity of the period and rapidity of the radiation greatly reduce the 
likelihood of finding intermediate fossil forms linking taxa.  Indeed, transitory forms are 
conspicuously lacking, despite the variety of fossils present in these strata (Morris, 1989; 
Olson, 1981).  Moreover, the antiquity of modern phyla allows at least 540 million years 
for genetic, morphological, and developmental divergences to further obscure 
relationships among these groups. 
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 The significance of the Cambrian radiation to deep metazoan phylogenetics is 
unquestionable.  Even if the Cambrian explosion represents a taphonomic artifact as 
some authorities have suggested, transitory fossils still remain scarce.  Moreover, the 
divergence dates of modern phyla would be set even earlier allowing greater disparity 
(reviewed in Fortey, 2001; Morris, 1998a, 2000, 2006; Valentine, 2004; Valentine et al., 
1999).  Only the rapidity of the radiation would be in question, which could affect genetic 
data divergences (Rokas et al., 2005). 
Classic Phylogenetic Systems 
 Advances in biodiversity science and embryology have expanded the number of 
recognized animal phyla and have helped to refine their taxonomic content over the past 
one-hundred fifty years (Hyman, 1940, 1959; Valentine, 2004).  Moreover, massive 
amounts of morphological and developmental data, ranging from the sub-cellular to the 
organismal level, have been generated over the past two centuries.  Despite the 
generation of such large quantities of data there are still relatively few characters that are 
capable of unambiguously determining the phylogenetic relationships among the broadest 
taxonomic categories of Metazoa (e.g. reviewed in Ax, 1996; 2000; 2003; Harrison and 
Ruppert, eds., 1991b; Hyman, 1940, 1951a,1951b, 1955, 1959, 1967; Young et al., eds., 
2002). 
 The dearth of definitive data relating metazoan phyla has allowed considerable 
speculation among authorities, which has produced a proliferation of hypotheses 
concerning the topology of the metazoan phylogenetic tree (Hyman, 1959; Willmer, 
1990).  Despite the plethora of phylogenetic hypotheses that have been proposed, only a 
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few have found broad acceptance over the past fifty years. (reviewed in Barnes, 1985; 
Brusca and Brusca, 2003; Willmer, 1990).  The reduction of the wide array of possible 
relationships (~ 5 x 1038 rooted trees, if 30 phyla are recognized) to a small number of 
basic topologies and variations, is a testament to the considerable time and effort given to 
this problem by the countless workers over the centuries. 
 The molecular “revolution” of the past two decades has generated phylogenetic 
hypotheses that differ in several aspects from the classic phylogenies presented here.  The 
widespread acceptance of molecular based phylogenies should not be used as an excuse 
to disregard classic hypotheses.  The primary goal of phylogenetic research is not merely 
to determine the “true” phylogeny of organisms but rather to use phylogenetic context to 
better comprehend and explain evolutionary patterns among organisms.  Molecular based 
phylogenetics can help elucidate evolutionary relationships when these patterns are 
otherwise obscured.  It is imperative to have a firm comprehension of the differences and 
similarities among molecular based and classic systems to gain a full understanding of 
animal relations and evolutionary trends.  Therefore, a broad survey of classic 
phylogenetic systems and organismal characters will be given before proceeding to the 
results of modern molecular analyses. 
 Two fundamental schools of thought have dominated classic metazoan phylogenetics 
since the mid-twentieth century (reviewed in Willmer, 1990).  One of the most influential 
zoological works of the past century is The Invertebrates, a six volume survey of 
metazoan relationships by Hyman.  In this work a wide range of biological information is 
reviewed, assessed and summarized into a single phylogenetic system (Hyman, 1940, 
1951a,1951b, 1955, 1959, 1967).  This system is based on the traditional intuitive method 
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of phylogeny building, in which numerous characters are critically evaluated across taxa 
and used to construct a theory of the evolution of the major groups (reviewed in Brusca 
and Brusca, 2003).  Often, the branching patterns and key ancestral states are then 
mapped onto a dendrogram, which may be bifurcating or polytomic. 
 The competing school of thought finds it greatest support in Europe and is perhaps 
best illustrated in the current works of Ax (1996; 2000; 2003) and Nielsen (1996; 2001).  
This school of thought is deeply rooted in Hennigian cladistics and attempts to generate 
phylogenies by synapomorphy assessment and the simultaneous construction of 
bifurcating phylogenetic trees.  Only after the phylogenies are determined are theories 
concerning the evolution of the taxa explored. 
 Both schools are based on rigorous analysis of extensive morphological and 
embryological datasets.  However, each system uses distinctly different methodologies 
and often generates alternate theories concerning the evolution of major groups.  
Variations representing slightly different assessments of characters and ancestral states 
have been generated by other workers within each system (reviewed in Willmer, 1990). 
A Simplified Summary of Classic Phylogenetic Topologies 
 Despite their significant disparity in theoretical approaches, the topologies of the 
metazoan trees in these different systems are largely congruent (reviewed in Willmer, 
1990) and are summarized in the following paragraphs.  When comparing different 
phylogenetic systems, clade defining synapomorphies are usually the most relevant data 
for understanding topological differences among trees.  Moreover, a full description of all 
the underlying theories and postulated ancestral stages of each system can only serve to 
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confuse the proposed relations.  Therefore, such theory based information will only be 
presented when it illuminates the comparison of phylogenetic topologies. 
 The following summary of topologies represents a very general view of the state of 
deep metazoan phylogenetics developed from Hyman to the start of the molecular 
phylogenetic revolution (e.g. reviewed in Ax, 1996; 2000; 2003; Backeljau et al., 1993; 
Barnes, 1987; Brusca and Brusca, 2003; Carter, 1954; Dougherty et al., eds., 1963; 
Hadzi., 1953; Hanson, 1958; Hyman, 1940, 1951a,1951b, 1955, 1959, 1967; Marcus, 
1958; Margulis and Schwartz, 1998; Morris et al., eds., 1985; Nielsen, 1996, 2001; Raff 
et al., 1994; Rieger et al., 1991; Schram, 1991; Valentine, 2004; Willmer, 1990).  No 
single system utilizes all of these tenets and in most cases the summaries represent a 
blending of very different and often conflicting phylogenies.  Moreover, several key 
characteristics (e.g. body cavity type, blastopore fate, and embryonic cleavage pattern) 
that have traditionally been used to define major clades are highly complex features and 
are not always clearly homologous.  Great debate and controversy have been generated 
concerning the assessment of such characters, and several alternative systems have been 
proposed.  However, for brevity and ease of understanding, the summary given below 
uses a very simplified treatment of these characters. 
Non-Bilaterians 
 Only four phyla: Porifera, Placozoa, Cnidaria and Ctenophora, lack bilateral 
symmetry and are placed near the base of the metazoan tree (reviewed in Harrison and 
Westfall, eds., 1991).  Members of Porifera and Placozoa lack tissue-level organization 
and are occasionally united into the subkingdom Parazoa (reviewed in Barnes, 1987).  
Porifera usually branches from the main metazoan lineage first followed by Placozoa.  
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The two mesozoan phyla, Rhombozoa and Orthonectida, also lack tissue-level 
organization but are rarely considered in broad phylogenetic classifications (Hyman, 
1940; McConnaughey, 1963; Stunkard, 1954).  These organisms are highly degenerate 
parasites of uncertain relation, although many workers suspect bilaterian affinities 
(reviewed in Hanelt et al., 1996; reviewed in Katayama et al., 1995; Pawlowski et al., 
1996).  All other metazoan phyla have tissue level organization and comprise the 
subkingdom Eumetazoa. 
 Eumetazoans are divided into diploblasts and bilaterians.  Diploblasts possess radial 
or biradial body symmetry and have two germinal tissue layers, endoderm and ectoderm.  
The clade Bilateria is defined by bilateral body symmetry and the possession of an 
additional germinal tissue layer, mesoderm (reviewed in Brusca and Brusca, 2003; but 
see Hyman, 1940; Martindale et al., 2002; Martindale and Henry, 1998).  The 
relationship of the two diploblastic phyla, Cnidaria and Ctenophora, is debated (reviewed 
in Hyman, 1940; Komai, 1963), although most systems favor Cnidaria as the sister group 
to Ctenophora + Bilateria (Ax, 1996; Brusca and Brusca, 2003; Ehlers, 1993; Nielsen, 
1996, 2001). 
General Bilateria 
 The fate of the blastopore and characterization of the primary non-gastric adult body 
cavity (coelom) are two of the most widely used characters in classic bilaterian 
systematics (Brusca and Brusca, 2003; Hyman, 1940, 1951a, 1959; Valentine, 1973).  In 
deuterostomes the anus originates from the blastopore, and the mouth forms secondarily.  
Protostomes are animals whose blastopore usually seals along its middle portion to form 
the mouth and often the anus (reviewed in Hyman, 1940; Nielsen, 1996, 2001). 
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 The nature of the adult body cavity has been widely used in classical deep metazoan 
systematics.  However, homology among body cavities has been difficult to assess.  The 
acoelomate and pseudocoelomate conditions in particular, have generated considerable 
debate.  It has been suggested that the term “pseudocoel” should be dropped altogether 
(Harrison and Ruppert, eds., 1991a)  Therefore the term Aschelminthes will be used 
instead to designate the group of metazoan phyla that possess an adult body cavity 
between the mesoderm and endoderm.  The adult aschelminth body cavity is traditionally 
defined as a persistent blastocoel (Hyman, 1940, 1951a; but see Harrison and Ruppert, 
eds., 1991a; Willmer, 1990).  Eucoelomates possess a (eu) coelom which is not derived 
from the blastocoel and is surrounded by mesoderm and at least partially lined by a 
peritoneum or at least by mesothelial tissue (reviewed in Harrison and Ruppert, eds., 
1991a).  Eucoelom formation among deuterostomes often occurs by enterocoely, the out-
pocketing of sections of the archenteron.  Eucoelom formation in protostomes usually 
proceeds by schizocoely, the splitting into cavities of regions of mesoderm (Hyman, 
1940, 1951a,1951b, 1959).  Members of the acoelomate phyla lack coeloms entirely. 
 In most systems, the fate of the blastopore is used to divide Bilateria into Protostomia 
sensu lato and Deuterostomia.  Protostome lineages are further defined by their coelomic 
nature.  Acoelomata is postulated as the sister group of Aschelminthes + 
Schizocoelomata (e.g. Brusca and Brusca, 2003; Hyman, 1940, 1951b, 1959).  However, 
some systems use spiral embryonic cleavage as a synapomorphy uniting Schizocoelomata 
and Acoelomata into a clade named Spiralia (e.g. Ax, 1996; Nielsen, 1996, 2001; Riedl, 
1969).  In these systems, Aschelminthes is usually placed near the base of the protostome 
clade, because of the lack of spiral cleavage in all members of this group.  Less 
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commonly, the nature of the coelom is employed as the primary defining characteristic, 
and Bilateria is split into three clades, Acoelomata, Aschelminthes, and Eucoelomata.  In 
these systems Acoelomata is sister to Aschelminthes + Eucoelomata.  Eucoelomata is 
then divided into Protostomia sensu stricto and Deuterostomia based on blastopore fate 
and coelom formation (e.g. Margulis and Schwartz, 1998). 
Deuterostomia 
 Enterocoely, radial embryonic cleavage and tripartite coelomic arrangement are 
postulated synapomorphies of Deuterostomia, although they may be lacking in some 
phyla (reviewed in Ax, 1996; Hyman, 1940, 1951b).  Deuterostomia sensu stricto 
comprises Chordata, Hemichordata and Echinodermata.  The monophyly of 
Hemichordata has been questioned (Ax, 2003; Nielsen, 1996, 2001), and most debate 
about deuterostome branching patterns concerns the placement of these animals.  
However, many systems propose a close association between Hemichordata and 
Chordata, even when Hemichordata is not considered monophyletic. 
 Chaetognatha displays deuterostomy and radial cleavage and is sometimes included 
as the sister group to the three core phyla.  However, chaetognaths possess only two 
coelomic compartments and their method of enterocoely is unique.  Therefore, the 
proposed position of Chaetognatha has varied greatly within Bilateria (Hyman, 1959).  
The only consistently held hypotheses concerning relationships within Deuterostomia are 
the basal branching of the class Crinoidea among the extant classes within Echinodermata 
(reviewed in Littlewood et al., 1997) and the sister group relation of Urochordata to 
Cephalochordata + Vertebrata (Euchordata) (reviewed in Ax, 2003). 
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Lophophorata 
 The defining synapomorphy of Lophophorata is the lophophore, an upstream-
collecting feeding system comprising a ring of monociliated coelomic tentacles 
surrounding the mouth but not the anus (Harrison and Woollacott eds., 1991; Hyman, 
1959).  Lophophorata sensu stricto comprises Ectoprocta, Brachiopoda, and Phoronida.  
Entoprocta is infrequently allied with these phyla.  This association is based on a general 
resemblance between entoprocts and ectoprocts during development and the presence of 
an adult entoproct tentacular filter feeding structure (Nielsen, 1971, 1977, 2001, 2002).  
However, entoproct tentacles are downstream-collecting, multiciliated, filled with 
gelatinous matrix, and surround both mouth and anus (Harrison and Woollacott, eds., 
1991; Hyman, 1951a).  Moreover, Entoprocta displays the classic protostome 
developmental patterns of spiral embryonic cleavage and 4d derived mesoderm, while the 
developmental patterns of the three lophophorate phyla are highly variable and often 
unique. 
 Most lophophorates display unique larval forms and dipartite or incomplete tripartite 
coelomic arrangement.  Phoronida displays clear protostomy, while the mouth forms 
secondarily in both the Ectoprocta and Brachiopoda.  The embryonic cleavage patterns 
vary among the three phyla but may be described as radial or modified radial.  Phoronida 
displays a unique form of mesoderm/coelom formation that has characteristics of both 
enterocoely and schizocoely, while both enterocoely and schizocoely are found within 
Brachiopoda.  Mesoderm and coelom formation patterns are still largely undescribed 
within Ectoprocta (reviewed in Willmer, 1990). 
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 Lophophorata is sometimes placed as the sister group to Deuterostomia.  This 
relationship is largely based on tripartite coelomic arrangements and similarities between 
the lophophore and tentacles of some hemichordates and echinoderms.  However, some 
systems ally Lophophorata with Protostomia.  There is no consensus concerning the 
interrelationships of the lophophorate phyla (reviewed in Ax, 2003; Brusca and Brusca, 
2003; Halanych, 1996a; Hyman, 1959; Nielsen, 1996, 2001; Zimmer, 1973). 
Protostomia 
 Spiral embryonic cleavage, 4d blastomere mesodermal origin and the derivation of 
the mouth from the blastocoel are often postulated as protostome synapomorphies, 
although numerous exceptions exist (reviewed in Brusca and Brusca, 2003; Valentine, 
1997).  Two protostome phyla, Cycliophora (Funch and Kristensen, 1995) and 
Micrognathozoa (Kristensen and Funch, 2000), were discovered after the start of the 
molecular revolution and rarely find placement in classic schemes.  However, both 
Micrognathozoa and Cycliophora have been variously allied with Rotifera, Entoprocta 
and Gnathostomulida (Funch et al., 2005; Kristensen, 2002; Sorensen, 2003; Sorensen et 
al., 2000). 
 Acoelomata is usually proposed as the sister group to the remaining protostomes, but 
the phyla usually included in this group are alternatively positioned as the sister group 
(Platyhelminthomorpha) to Schizocoelomata (Euspiralia) in a clade called Spiralia.  
Acoelomata comprises the protostomous phyla lacking coeloms. However, members of 
several phyla that lack large voluminous spaces possess fluid filled spaces which range 
from interstitia, to lacunae, to larger sinuses that behave as haemocoels.  Moreover, some 
lower level taxa in classically eucoelomate phyla also lack coeloms, further illustrating 
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the plasticity of this character (reviewed in Harrison and Ruppert, eds., 1991a; Willmer, 
1990).  The use of this negative character as a clade defining synapomorphy has 
generated a lack of consensus concerning the composition of this group.  As such, little 
can be said about proposed relations within Acoelomata. 
 Platyhelminthes is always considered acoelomate and usually plays a pivotal role in 
classic theories concerning the early evolution of Bilateria (e.g. reviewed in Baguna and 
Riutort, 2004b; Hyman, 1940, 1951b, 1959; Littlewood and Bray, eds., 2001).  Moreover, 
Acoelomorpha (orders Acoela + Nemertodermatida) (Ehlers, 1985), a clade comprising  
the most morphologically simple flatworms, is occasionally removed from 
Platyhelminthes and positioned as the sister group to the remaining bilaterians 
(Nephrozoa) (Jondelius et al., 2002; reviewed in Littlewood and Bray, eds., 2001; Ruiz-
Trillo et al., 1999).  Nemertea (Hyman, 1951b) and Gnathostomulida are infrequently 
included in Acoelomata.  However, the nemertean rhynchocoel and blood vascular 
systems are sometimes considered eucoeloms (reviewed in Turbeville, 2002; reviewed in 
Turbeville et al., 1992), and Gnathostomulida is frequently positioned within 
Aschelminthes (Sterrer et al., 1985; Wallace et al., 1996). 
 Members of Aschelminthes possess body cavities positioned between the endoderm 
and mesoderm, which are not lined by mesothelium (Harrison and Ruppert, eds., 1991a).  
The nature of the aschelminth body cavity is highly debated, and the validity of this clade 
has been challenged (reviewed in Clark, 1964; Harrison and Ruppert, eds., 1991a; 
Remane, 1963).  The aschelminth body cavity was defined by Hyman as a persistent 
blastocoel (1951a).  The adult retention of the blastocoel could represent a paedomorphic 
or sympleisiomorphic character and should therefore, not be used in cladistic analyses.  
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However, it remains unclear whether all aschelminth body cavities actually originate 
from the blastocoel.  The “persistent blastocoel” definition is further blurred by that fact 
that there are several eucoelomate phyla (e.g. Mollusca, Annelida, and Arthropoda) 
which also possess adult body cavities that are at least partially of blastocoelic origin 
(reviewed in Harrison and Ruppert, eds., 1991a; Willmer, 1990). 
 The aschelminth body cavities are part of the connective tissue compartment and are 
filled with fluid extracellular matrix, hemolymph.  The aschelminth body cavities are, 
therefore, technically haemocoels.  These haemocoels are thus, comparable to the 
haemocoels of classically eucoelomate phyla and do not necessarily represent 
homologous structures.  Although aschelminth body cavities are not lined on the 
endodermal side by mesothelium, there are several aschelminth phyla (e.g. Nematoda, 
Nematomorpha, Priapulida, and Acanthocephala) which possess muscular non-epithelial 
mesoderm overlying the endoderm.  The origin of this splanchnic mesoderm is not well 
studied, but it may derive from mesothelium.  Finally, members of several aschelminth 
phyla (e.g. Kinorhyncha, Loricifera, Gastrotricha, and some Nematoda) are small and 
lack any appreciable body cavities making them technically acoelomate (Harrison and 
Ruppert, eds., 1991a; Willmer, 1990).  Despite these difficulties, the aschelminth phyla 
are still frequently united due to their lack of synapomorphies with other protostome 
groups (Ax, 2003). 
 There is some disagreement as to which phyla comprise Aschelminthes, but eight 
core phyla are often arranged into two groups, Cycloneuralia and Syndermata.  
Cycloneuralia, comprises Gastrotricha, Nematoida (Nematoda + Nematomorpha), and 
Scalidophora (Priapulida + Kinorhyncha + Loricifera).  Cycloneuralians possess primary 
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nervous system, pharyngeal organization and cuticular structure similarities (Ax, 2003; 
Boaden, 1985; Kristensen, 1983; Lorenzen, 1985; Neuhaus, 1994; Neuhaus and Higgins, 
2002; Nielsen, 1996, 2001; Schmidt-Rhaesa, 2002; Wallace et al., 1996; Zrzavy, 2003).  
A syncytial epidermis with nuclei contained in apical crypts within an intra-cytoplasmic 
lamina and sperm cells with apical flagella characterize Syndermata (Rotifera + 
Acanthocephala) (Ahlrichs, 1997; Lorenzen, 1985; Near et al., 1998; Ricci, 1998).  
Gnathostomulida (Sterrer et al., 1985; Wallace et al., 1996), Entoprocta (Hyman, 1951a) 
and Chaetognatha (Nielsen, 2001) are also sometimes placed within Aschelminthes. 
 Schizocoely and trochophore-like larvae are the defining synapomorphies of the 
eucoelomate protostomes (Schizocoelomata), although these traits are absent in several 
groups (Hyman, 1940, 1959).  Nemerteans, when considered coelomate, are given a basal 
position among the schizocoelomates due to their acoelomate-like nature and generally 
un-trochophore-like larvae (reviewed in Harrison and Burton, eds., 1991; Turbeville et 
al., 1992).  Articulata, comprising the segmented protostome groups of Panarthropoda 
(Tardigrada + Onychophora +Arthropoda) and Annelida, finds nearly universal 
acceptance and is present in almost every classic phylogenetic system since Cuvier 
(1863; but see Eernisse et al., 1992; Ghiselin, 1988).  The branching patterns within 
Panarthropoda and among the remaining schizocoelomate phyla: Sipuncula, Mollusca, 
Echiura and Entoprocta, are highly debated.  Ectoprocta is infrequently allied with 
Entoprocta (Nielsen, 1977, 2001).  Pogonophora (including Vestimentifera) has been 
variously placed as a deuterostome phylum or as a group within Annelida (reviewed in 
Black et al., 1997; Halanych, 2005; reviewed in Halanych et al., 2002; Rouse and 
Fauchald, 1995). 
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 Exceptions to every previous statement can be discovered if enough hypotheses are 
examined, and this summary is not meant to reflect a general consensus among 
phylogeneticists (Willmer, 1990).  Rather, this collection of various topologies gives an 
approximation of the most widely used schemes prior to the molecular phylogenetic 
revolution (Figure 1.1).  Classic schemes are still found in many zoology textbooks and 
are often taught at the undergraduate level, although some newer texts also include 
information concerning molecular based phylogenies (e.g. Barnes et al., 2001; Brusca 
and Brusca, 2003; Pechenik, 2005). 
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Figure 1.1:  Summary of Classic Phylogenetic Topologies 
This tree represents a simplified summary of several commonly used classic phylogenetic systems.  No 
single system fully displays the topologies presented here.  Dotted lines are used to display common 
alternate relationships.  Polytomies are used when there is little consensus concerning branching patterns 
and clade placement. 
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Molecular Metazoan Phylogenetics 
The Molecular Revolution 
 The influence of Hennig on systematic thought and the introduction of computational 
processors during the 1950s produced a proliferation of numerical phylogenetic inference 
methods (e.g. Michener and Sokal, 1957; Sneath and Sokal, 1962).  Protein sequencing 
methods were also developed at this time (e.g. Sanger and Tuppy, 1951a,1951b), and by 
the early 1960s a handful of molecular datasets were available for comparison. 
 During the period from 1962 to 1965, Zuckerkandl and Pauling generated the first 
methods for combining molecular sequence data with numerical analyses, thus founding 
the field of molecular phylogenetics (reviewed in Felsenstein, 2004).  Improved 
molecular sequencing techniques (e.g. Sanger et al., 1977) and phylogenetic 
mathematical models (e.g. Fitch and Margoliash, 1967; Kimura, 1980; Saitou and Nei, 
1987) were developed over the next two decades.  However, no broad scale metazoan 
molecular phylogenies were generated during this time, and it was not until the late 1980s 
that molecular phylogenetics found broad application among zoologists. 
 Several techniques developed during the late 1980s and early 1990s contributed to the 
proliferation of molecular phylogenetics.  The polymerase chain reaction (PCR) amplifies 
specific pieces of DNA (amplicons) in vitro to quantities that are easily analyzed (Mullis 
and Faloona, 1987).  The isolation of thermally stable Taq DNA polymerase from the 
bacterium Thermus aquaticus greatly facilitated reactions and allowed the widespread use 
of PCR (Saiki et al., 1988).  The extensive automation of molecular techniques and 
development of powerful computers permitted the timely processing of large molecular 
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datasets.  Finally, increased sensitivities of molecular techniques and detection equipment 
allowed micro-scaling of processes, which greatly expanded the range of tissues and 
organisms from which data could be obtained (reviewed in Hillis and Dixon, 1991). 
Molecular Considerations 
Homology 
 Generally speaking, each genetic locus is considered a unique character, and 
molecular datasets may potentially be as large as the genomes of the organisms involved 
(Swofford et al., 1996).  However, there are limitations to the use of such datasets in 
actual practice.  Compared to morphological characters, which are usually 
multidimensional and require detailed expert knowledge for assessment, molecular data 
are relatively simple and largely free from biases of homology determination (Mindell, 
1991; Patterson, 1988; Wagele and Wetzel, 1994).  However, there are several specific 
considerations which must be examined when determining molecular sequence 
homology. 
 Molecular loci may display two different types of homology.  Orthologs are 
homologous genes which derive from a single ancestral gene by direct descent and are 
the only molecular homologs appropriate for the phylogenetic analysis of organisms.  
Duplicate genes (paralogs) can confound homology since their branching patterns may 
not reflect the organismal branching patterns (Fitch, 1970; Hunter, 1964; Martin and 
Burg, 2002).  It is for this reason that single or low copy number genes are sought when 
performing phylogenetic analyses.  The inclusion of paralogs in datasets is most 
problematic at moderate levels of substitution.  Highly diverged paralogs are easily 
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recognized, while paralogs with low divergence have little effect on topology if 
accidentally included (Martin and Burg, 2002; Sonnhammer and Koonin, 2002; Xie and 
Ding, 2000). 
 The homology of genetic loci is largely determined by statistical similarity (Fitch, 
1970; reviewed in Martin and Burg, 2002).  In the reciprocal search method, putative 
orthologs are used to reciprocally search a parent database (e.g. with BLAST) until the 
most closely matching set is found (Mushegian et al., 1998).  Further examination of 
overall similarity and conservation are usually used to confirm the close match.  
However, similarity search programs can be confounded if used over large phylogenetic 
distances (Koski and Golding, 2001).  Alternatively, the phylogenomic method can be 
used.  This method determines orthology by phylogenetic placement among a set of 
similar loci from closely related species (Eisen, 1998).  This method uses phylogenetic 
models which are better than similarity search programs at determining closeness of 
match across broad phylogenetic distances.  Furthermore, this method provides a 
phylogenetic context which allows the easy identification of outlying sequences.  
However, this method is limited by taxonomic representation and is less useful when 
sampling is low.  In most cases combinations of both approaches are used (reviewed in 
Eisen and Fraser, 2003; Martin and Burg, 2002; Mindell, 1991; Xie and Ding, 2000). 
 Care must also be taken when aligning sequence data to ensure homology among 
sites.  Gaps are used where indels, insertions or deletions, are assumed in the alignment.  
Gapped sites are almost always excluded from analysis.  Moreover, unalignable and 
ambiguous regions are frequently removed before analysis.  Since nucleotide data only 
exist in four simple states, homoplasy (random similarity) may create false signal if not 
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taken into account.  Because of the potential for homoplasy, numerous sites may be 
required for statistical accuracy in analyses (reviewed in Maley and Marshall, 1998; 
Mindell, 1991; Moreira and Philippe, 2000; Swofford et al., 1996). 
Nucleotide Substitution Rates 
 Substitution rates vary widely among genes.  Since the rate of substitution is broadly 
indicative of the level of phylogenetic signal, data with appropriate rates of substitution 
must be chosen for the taxonomic level analyzed.  Higher rates are used when genera and 
species are analyzed, while lower rates are employed when examining the relationships 
of higher taxa.  Moderately to highly conserved genes should be used to determine deep 
intra-kingdom relationships.  Inappropriately high substitution rates increase homoplasy 
and permit proliferation of indels, both of which decrease alignment confidence and 
cause loss of signal.  Inappropriately low substitution rates can decrease signal by 
decreasing the number of informative sites, which may produce a lack of resolution, 
regardless of the number of characters examined (reviewed in McHugh, 1998; Moreira 
and Philippe, 2000). 
 Substitution rates may also vary among sites within a gene.  Incorrect phylogenies 
may be inferred if rate variation among sites is moderate to high (Abouheif et al., 1998).  
To correct for significant substitution rate variation among sites, a gamma distribution is 
incorporated in the substitution model (Yang, 1993).  The alpha value determining the 
distribution shape is usually estimated from the dataset (reviewed in Felsenstein, 2004; 
Nei and Kumar, 2000). 
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 Different taxonomic lineages may also vary in substitution rate for a given gene.  
Lineage specific rate variation may lead to long-branch attraction among unrelated taxa, 
and can produce strong statistical support for incorrect topologies (reviewed in Anderson 
and Swofford, 2004; Britten, 1986; Felsenstein, 1978, 2004; Moreira and Philippe, 2000).  
Long-branch attraction, or unequal rate effect, occurs by two mechanisms, homoplasy 
and exclusion principle.  Homoplasy can cause distantly related taxa to group by 
producing random similarity among sequences.  The exclusion principle causes tree 
building programs to group dissimilar taxa that are excluded from other clades. 
 Long-branch taxa often group basally, and their inclusion can cause destabilization 
throughout the entire tree, since they also attract their short-branch counterparts 
(Felsenstein, 1978).  Long-branch attraction may be alleviated by addition of taxa which 
break up the long branches or more effectively by replacing long-branch taxa with shorter 
branch relatives (Aguinaldo et al., 1997; Anderson and Swofford, 2004; Moreira and 
Philippe, 2000).  The judicious use of appropriate genes, models and taxa can greatly 
reduce all of these potential substitution rate related problems (Baurain et al., 2007; 
Felsenstein, 2004; Lio and Goldman, 1998; Maley and Marshall, 1998; Nei and Kumar, 
2000; Philippe and Laurent, 1998). 
A Simplified Summary of Molecular Phylogenetic Topologies 
 The following summary of topologies represents a general view of the molecular 
based phylogenies that have been generated since the pioneer work of Field et al (1988).  
Differences in taxonomic content, analytical methodologies and alignments have lead to 
almost every molecular based tree being unique in one particular or another.  Moreover, 
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while the vast majority of deep phylogenies have been generated using a single gene, the 
18S or small subunit (SSU) rRNA gene, other genes, other molecular data and even 
morphological data have added to the topology of the tree (Figure 1.2).  Therefore, this 
summary should not be taken as a consensus among workers or even trees, but rather as 
an emerging picture pieced together from different analyses (e.g. Adoutte et al., 1999; 
Adoutte et al., 2000; Aguinaldo and Lake, 1998; Balavoine and Adoutte, 1998; Garey, 
2002; Giribet, 2003; Halanych, 2004; Halanych and Passamaneck, 2001; Lake, 1990; 
McHugh and Halanych, 1998; Peterson and Eernisse, 2001; Raff et al., 1994; Schmidt-
Rhaesa, 2003; Telford, 2006; Winnepenninckx et al., 1998; Zrzavy, 2001b, 2003). 
 Several early molecular analyses seemed to lend support to certain aspects of classic 
hypotheses.  Acoelomata (i.e. Platyhelminthes) and Aschelminthes (i.e. Nematoda) 
branched early within Bilateria, but long-branch attraction problems leading to these 
topologies were soon recognized (e.g. Blaxter et al., 1998; Pawlowski et al., 1996; Raff 
et al., 1994; Telford and Holland, 1993; Winnepenninckx et al., 1992).  The subsequent 
discovery of short-branch sequences from Platyhelminthes and Nematoda, the use of 
more realistic models and search algorithms and the addition of minor taxa all lead to 
several changes in topology (reviewed in Adoutte et al., 1999; Copley et al., 2004; 
Garey, 2002; Garey and Schmidt-Rhaesa, 1998; Schmidt-Rhaesa et al., 1998).  Most 
molecular phylogenetic analyses have been at lower taxonomic levels and multi-gene 
internal phylogenies have been generated for almost all major phyla.  However, since 
deep relations remain the most elusive areas of study, internal analyses will only be 
presented for certain large multi-class phyla. 
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Non-Bilaterians 
 Molecular phylogenies initially divide metazoans into Bilateria and a group of non-
bilaterians, usually called Diploblasta.  The metazoan root is sometimes placed between 
these two clades (reviewed in Schmidt-Rhaesa et al., 1998), and not between Porifera and 
Eumetazoa.  However, many molecular trees place the metazoan root within a 
paraphyletic Porifera, with the poriferan class Calcarea occasionally forming a clade with 
Ctenophora that is more closely related to all other metazoan phyla (reviewed and 
analyzed in Borchiellini et al., 2001; Kobayashi et al., 1993; Manuel et al., 2003; Medina 
et al., 2001; Podar et al., 2001; but see Wallberg et al., 2006).  Moreover, there is often 
an association between Cnidaria and Placozoa, both of which are usually positioned near 
the root of Bilateria (reviewed and analyzed in Britto da Silva et al., 2007; Kim et al., 
1999; Wainright et al., 1993).  However, non-bilaterian relations are often weakly 
supported and largely unresolved by molecular analyses (reviewed in Collins, 1998; 
Collins et al., 2005; Garey and Schmidt-Rhaesa, 1998; Rokas et al., 2003). 
General Bilateria 
 Bilateria is divided into three large clades: two major protostome groups, Ecdysozoa 
(Aguinaldo et al., 1997) and Lophotrochozoa (Halanych et al., 1995), plus 
Deuterostomia.  Deuterostomia and Ecdysozoa find high support for monophyly, but the 
support for Lophotrochozoa is usually weaker.  Moreover, branching patterns among 
these groups are often weakly resolved but protostome monophyly is generally favored 
(Adoutte et al., 2000; Garey and Schmidt-Rhaesa, 1998; Halanych, 2004; Halanych and 
Passamaneck, 2001; Telford, 2006). 
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Deuterostomia 
   Within Deuterostomia, Chordata is almost always the sister group to Ambulacraria 
(Hemichordata + Echinodermata) (Halanych, 1995).  The Ambulacraria hypothesis was 
originally proposed by Metschnikoff (1881) and was based on developmental similarities 
between hemichordates and echinoderms.  However, this hypothesis did not find strong 
support among the major classic phylogenies.  In contrast, Ambulacraria is the most 
robust node of the deuterostome tree in molecular based hypotheses (e.g. Bromham and 
Degnan, 1999; Furlong and Holland, 2002; Halanych, 1996a; Mallatt and Winchell, 
2007; Turbeville et al., 1994; Wada and Satoh, 1994).  This relationship is further 
supported by the presence of three unique Abd-B Hox genes shared among members of 
Hemichordata and Echinodermata (Martinez et al., 1999; Peterson, 2004).  In contrast to 
many classic phylogenies Hemichordata is monophyletic in all molecular analyses.  
However, the class Enteropneusta is paraphyletic and contains the other hemichordate 
class Pterobranchia.  Pterobranchia and the enteropneust family Harrimaniidae form a 
clade which is a sister group to the rest of Enteropneusta (Cameron et al., 2000; 
Halanych, 1995).  Crinoidea is sister group to Eleutherozoa, the clade comprising the 
remaining echinoderm classes.  However, there is considerable disagreement concerning 
the topology within Eleutherozoa (Janies, 2001; Littlewood et al., 1997; Scouras et al., 
2004).  Within Chordata, long-branch urochordate sequences cause instability, leading to 
weak support for the entire clade (e.g. Blair and Hedges, 2005; Bourlat et al., 2006; 
Swalla et al., 2000; Winchell et al., 2002).  However, all three subphyla are robustly 
monophyletic, and at least one study has found support for the classic chordate topology 
(Cameron et al., 2000). 
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Ecdysozoa 
 Most differences between molecular and morphological phylogenies are found among 
the protostomes.  The work of Aguinaldo et al. (1997) included shorter branch nematodes 
and found that they grouped tightly with nematomorphs and panarthropods.  This clade 
was later found to comprise Panarthropoda and Cycloneuralia (sans Gastrotricha).  This 
group was named Ecdysozoa (molting animals) since it includes all metazoans that molt 
external chitinous cuticles (reviewed in Copley et al., 2004; Giribet, 2003; Schmidt-
Rhaesa et al., 1998; Valentine and Collins, 2000; Zrzavy, 2001a). 
 Subsequent work has provided some resolution among the ecdysozoan phyla.  
Priapulida and Kinorhyncha form a sister group to Panarthropoda + Nematoida 
(Nematoda + Nematomorpha), although some analyses place Nematoda closer to 
Panarthropoda (Aleshin et al., 1998; Bleidorn et al., 2002; Garey, 2001; Mallatt and 
Giribet, 2006; Mallatt et al., 2004; Park et al., 2006).  An SSU sequence has been 
produced for a single loriciferan species but it is long-branch with unstable placement 
(Park et al., 2006).  However, morphology strongly suggests the placement of Loricifera 
within Scalidophora (Kristensen, 1983, 2002; Neuhaus, 1994; Neuhaus and Higgins, 
2002).  Panarthropoda is generally well supported.  However, long-branch tardigrade and 
onychophoran sequences cause a lack of resolution (e.g. Garey, 2001; Mallatt and 
Giribet, 2006; Mallatt et al., 2004; Podsiadlowski et al., 2008), and Tardigrada 
sometimes groups with Nematoda (Park et al., 2006).   
 The most commonly found arthropod topology places Hexapoda (Insecta + 
Entognatha) within a paraphyletic Crustacea (Pancrustacea) (e.g. Garcia-Machado et al., 
1999; Pisani, 2004; Shultz and Regier, 2000).  Other relationships are not as robust (e.g. 
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Giribet and Ribera, 2000; Regier and Shultz, 2001; Turbeville et al., 1991).  Chelicerata 
and Myriapoda sometimes form a clade (Paradoxopoda) that is a sister group to 
Pancrustacea (e.g. Cook et al., 2001; Friedrich and Tautz, 1995; Hwang et al., 2001; 
Kusche and Burmester, 2001; Mallatt et al., 2004; Negrisolo et al., 2004; Pisani, 2004; 
Pisani et al., 2004; Regier et al., 2005).  However, other studies, including analyses of 
neurogenesis, have produced weak support for Mandibulata (Myriapoda + Pancrustacea) 
(Boore et al., 1995; Giribet and Ribera, 1998; Kadner and Stollewerk, 2004; Kusche et 
al., 2003; Pisani, 2004; Regier and Shultz, 1997; Shultz and Regier, 2000).  Furthermore, 
pycnogonid placement is unstable and Pycnogonida sometimes occurs as the sister group 
to the remaining arthropods (Giribet et al., 2001).  These topologies conflict with classic 
arthropod phylogeny, where Chelicerata is a sister group to Mandibulata, which 
comprises the monophyla, Crustacea and Ateleocerata (Hexapoda + Myriapoda) 
(reviewed in Akam, 2000; Averof and Akam, 1995; Brusca, 2000; Edgecombe et al., 
2000; Fortey and Thomas, eds., 1998; Gupta, 1979; Wheeler et al., 1993). 
Lophotrochozoa 
 Lophotrochozoa contains Lophophorata, Gnathifera (Gnathostomulida, Syndermata, 
Micrognathozoa and sometimes Cycliophora), Trochozoa sensu lato, Gastrotricha and 
Platyhelminthes (sans Acoelomorpha).  These phyla are weakly sorted into two clades, 
Eulophotrochozoa (Lophophorata + Trochozoa) and Platyzoa (Gnathifera + Gastrotricha 
+ Platyhelminthes) (Cavalier-Smith, 1998; Garey and Schmidt-Rhaesa, 1998; Giribet et 
al., 2000; Halanych et al., 1995; Passamaneck and Halanych, 2006).  Molecular 
phylogenies provide little resolution within Lophotrochozoa, and several phyla appear 
paraphyletic or polyphyletic when broad taxonomic sampling is used (reviewed in 
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Adoutte et al., 2000; Aguinaldo and Lake, 1998; Halanych, 2004; Passamaneck and 
Halanych, 2006; Winnepenninckx et al., 1995a).  Nemertea (Turbeville et al., 1992) and 
Entoprocta (Mackey et al., 1996) both consistently fall within Lophotrochozoa, but their 
positions are unstable (reviewed in Halanych, 2004; Halanych and Passamaneck, 2001).  
However, a few other clades have found strong or at least consistent support. 
 Syndermata  (Rotifera + Acanthocephala) has consistently found high support (Funch 
et al., 2005; Garcia-Varela et al., 2000; Miquelis et al., 2000; Near et al., 1998; Sorensen 
and Giribet, 2006; Wallace, 2002).  Some studies have even placed Acanthocephala 
within a paraphyletic Rotifera (e.g. Garey et al., 1996b; Garey et al., 1998; Herlyn et al., 
2003; Welch, 2000, 2001, 2005) as the sister group to the class Seisonidea, the class 
Bdelloidea or a clade comprising both Seisonidea and Bdelloidea.  Syndermata groups 
closely with Micrognathozoa and Cycliophora (Giribet et al., 2004).  Gnathostomulidans 
are also allied with this group, but their long branches cause instability (Giribet et al., 
2000; Littlewood et al., 1998; Welch, 2001). 
 Within Annelida there is evidence that Polychaeta is paraphyletic (reviewed in 
Bleidorn, 2007; McHugh, 2005; Rouse and Pleijel, 2006).  The phyla Pogonophora 
(reviewed in Halanych, 2005) and Echiura (e.g. Bleidorn et al., 2003; Hall et al., 2004; 
McHugh, 1997), and the annelid super-class Clitellata (classes Oligochaeta and 
Hirudinea) (e.g. Hall et al., 2004; McHugh, 2000; Rousset et al., 2007) often branch 
deeply within Polychaeta.  However, the exact positions of these groups are unstable.  
Sipuncula is frequently associated with Annelida and also occasionally branches among 
the polychaetes (e.g. Boore and Staton, 2002; Halanych et al., 2002; Hall et al., 2004; 
Rousset et al., 2007; Struck et al., 2007). 
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 Phoronida groups strongly with Brachiopoda and occasionally forms a sister group to 
the inarticulate brachiopods (e.g. Cohen, 2000; Cohen et al., 1998a; Cohen and 
Weydmann, 2005; Halanych et al., 1995; Mackey et al., 1996).  This clade is usually 
associated with the eutrochozoan phyla, but no strong relation has been found with any 
particular phylum (reviewed in Halanych, 2004; Lüter and Bartolomaeus, 1997).  
Ectoprocts are usually long-branched and do not group with the other lophophorate 
phyla, falling instead near the base of Lophotrochozoa (Halanych, 2004; Passamaneck 
and Halanych, 2006; but see Helmkampf et al., 2008). 
 Platyhelminthes is usually found to be polyphyletic.  Catenulida (order) and 
Rhabditophora (the remaining non-acoelomorph flatworms) (Ehlers, 1985)  usually form 
a clade (Euplatyhelminthes) within Platyzoa.  However, Acoelomorpha (orders 
Nemertodermatida + Acoela) is often placed at the base of the bilaterian tree.  Some 
studies find that Acoela is basal to the clade Nemertodermatida + Nephrozoa.  However, 
acoelomorph branch-lengths are extremely long, and all conclusions concerning the 
relationships of this group are questionable (reviewed and analyzed in Baguna and 
Riutort, 2004a; Baguna and Riutort, 2004b; Balavoine, 1997; Carranza et al., 1997; 
Jondelius et al., 2002; Littlewood et al., 1999; Ruiz-Trillo et al., 2002; Ruiz-Trillo et al., 
2004; Telford et al., 2003; Wallberg et al., 2007). 
 Morphological analyses place Gastrotricha at the base of Cycloneuralia as the sister 
group to a clade comprising Nematoida and Scalidophora (Ax, 2003; Boaden, 1985; 
Kristensen, 1983; Lorenzen, 1985; Nielsen, 1996, 2001; Schmidt-Rhaesa, 2002; Wallace 
et al., 1996; Zrzavy, 2003).  In contrast molecular data consistently place Gastrotricha 
near the base of Lophotrochozoa (Manylov et al., 2004; Petrov et al., 2007; Schmidt-
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Rhaesa, 2002; Todaro et al., 2006; Wirz et al., 1999).  The exact position is unstable, but 
there is some evidence that Gnathifera, Platyhelminthes and Gastrotricha form a clade 
called Platyzoa (Giribet et al., 2000; Zrzavy, 2003). 
 Despite the controversy and lack of consensus concerning lophotrochozoan relations, 
there are several classic traits which may support the general findings for this group.  The 
overall topology of Lophotrochozoa is reminiscent of the classic clade Spiralia.  Spiral 
cleavage and 4d derived mesoderm are lacking in all deuterostomes and ecdysozoans but 
occur in several phyla among Eulophotrochozoa and Platyzoa (reviewed in Henry and 
Martindale, 1999).  In fact, except panarthropods, which actually do not display these 
traits, all classic spiralian phyla are found within Lophotrochozoa (Valentine, 1997). 
 Furthermore, molecular phylogenies place Platyhelminthes and Gnathostomulida 
(along with several other phyla) in Platyzoa as the sister group to Eulophotrochozoa, 
which contains the remaining non-arthropod spiralian taxa (Garey and Schmidt-Rhaesa, 
1998; Giribet et al., 2000; Halanych, 2004; Halanych and Passamaneck, 2001; Telford, 
2006).  Similarly, some classic systems place Platyhelminthes and Gnathostomulida (but 
no other phyla) in the clade Platyhelminthomorpha, which is the sister group to Euspiralia 
(Ax, 1996). 
 Several other lophotrochozoan morphological features may be phylogenetically 
informative.  All eutrochozoan phyla have members that possess primary larvae.  Some 
historical attempts have been made to homologize lophophorate and trochophore-type 
larvae (reviewed in Hyman, 1959; Nielsen, 2001; Rouse, 1999), but few molecular 
developmental studies have addressed this issue.  Primary larva are absent in all 
platyzoan groups except cycliophorans and polyclad flatworms.  Ultrastructural evidence 
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suggests that the jaws of three gnathiferan phyla, Gnathostomulida, Rotifera, and 
Micrognathozoa, and the intracellular lamina of Micrognathozoa and Syndermata are 
synapomorphic (Ahlrichs, 1997; Funch et al., 2005; Herlyn and Ehlers, 1997; Kristensen, 
2002; Kristensen and Funch, 2000; Rieger and Tyler, 1995; Sorensen, 2000, 2003; 
Sorensen and Giribet, 2006; Sorensen et al., 2006; Welch, 2001).  Finally, the simple 
morphologies of the acoelomorph flatworms has caused them to be given a basal position 
among bilaterians in some classic hypotheses (reviewed in Baguna and Riutort, 2004a; 
Littlewood and Bray, eds., 2001; Smith and Tyler, 1985; Smith et al., 1986). 
Incertae Sedis 
 The positions of a few phyla can not be determined with 18S rRNA gene data.  The 
mesozoan phyla show affinity to Bilateria but are very long-branch, and unstable in 
position (Hanelt et al., 1996; Katayama et al., 1995; Pawlowski et al., 1996).  Long-
branch length sequences and phylogenetic instability also characterize Chaetognatha 
(reviewed in Ball and Miller, 2006; Halanych, 1996b).  However, Chaetognatha 
frequently groups among protostomes (e.g. Helfenbein et al., 2004; Helmkampf et al., 
2008; Marletaz et al., 2006; Telford and Holland, 1993; Wada and Satoh, 1994), and 
there is some evidence that it may be positioned within Lophotrochozoa (Matus et al., 
2006; Papillon et al., 2004). 
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Figure 1.2:  Summary of Molecular Phylogenetic Topologies 
 
This tree represents a simplified summary of several current molecular phylogenetic systems.  This tree is 
mainly derived from studies using the small ribosomal subunit RNA gene, but is supplemented by several 
other studies including “total evidence” analyses.  Dotted lines are used to display alternate relationships.  
Polytomies are used when there is little consensus concerning branching patterns and clade placement. 
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Molecular vs. Classic Phylogeny 
  Three primary differences exist between molecular and classic topologies (Aguinaldo 
and Lake, 1998).  First, Aschelminthes is polyphyletic in molecular phylogenies.  
Gastrotricha and Syndermata fall within Lophotrochozoa, while the remaining 
aschelminth phyla are positioned within Ecdysozoa (Aguinaldo et al., 1997; Halanych et 
al., 1995; Winnepenninckx et al., 1995b).  Second, Lophophorata is placed deep within 
Protostomia, near the trochozoan phyla and is polyphyletic in molecular analyses 
(Halanych et al., 1995).  Finally, Annelida and Arthropoda are placed in distant clades in 
molecular phylogenies.  Furthermore, no molecular investigation has found support for 
the classic Articulata hypothesis (e.g. Aguinaldo et al., 1997; Kim et al., 1996; Zrzavy, 
2001a). 
 Other differences suggested by molecular phylogenies include the position of the 
metazoan root, internal annelid, arthropod and flatworm topologies and the position of 
Acoelomorpha (reviewed in Adoutte et al., 2000; Garey and Schmidt-Rhaesa, 1998; 
Halanych, 2004; Halanych and Passamaneck, 2001; Telford, 2006).  Further distinctions 
may exist but most are obscured by lack of resolution, and it is difficult to assess their 
significance.  Finally, the lack of resolution among deep bilaterian clades may be 
indicative of rapid diversification during the Cambrian explosion.  It has been postulated 
that the brevity of this period might preclude the accumulation of informative 
substitutions (Halanych, 1998; Regier and Schultz, 1998; Rokas et al., 2005).  However, 
molecular clock data concerning diversification rates and the timings of cladogenic 
events are conflicting and highly debated (reviewed in Aris-Brosou and Yang, 2003; 
Cooper and Fortey, 1998; Graur and Martin, 2004; Lynch, 1999; Morris, 1998a,1998b, 
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2006; Peterson and Butterfield, 2005; Peterson et al., 2004; Peterson et al., 2005; Wray et 
al., 1996; Zdobnov et al., 2005). 
 The numerous points of congruence among classic and molecular based topologies 
may be viewed as evidence in favor of certain traditional hypotheses.  However, there are 
several areas of the molecular based tree which find no comparison among classic 
schemes or for which resolution is lacking.  Moreover, the almost exclusive use of a 
single gene (SSU) is extremely problematic, and many objections to deep metazoan 
molecular phylogenies concern this point.  The lack of resolution in some regions, the 
seemingly rapid divergence of major lineages and the conflict with several long cherished 
hypotheses warrant further examination.  Additional independent genetic data are 
desperately needed to further test the significance of these findings (reviewed in Maley 
and Marshall, 1998; reviewed in McHugh, 1998). 
Alternate Data 
The Need for More Data 
 The reliance on a single gene for phylogenetic studies is problematic for several 
reasons.  To begin, few independent genetic data have been generated to assess conflicts 
between the SSU based and classic phylogenies.  Moreover, it is possible that gene 
specific evolutionary constraints could affect the phylogenetic topology.  Such effects are 
difficult to assess without comparison to other data.  Finally, lineages diverge at different 
times and with different rates.  Therefore, it is likely that several genes with different 
rates of substitution will be required to fully recover the topology of the deep metazoan 
tree with high statistical support (reviewed in Goto and Kimura, 2001; McHugh, 1998).  
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To this end, several studies have characterized and identified alternate genes that might 
be useful for such analyses (e.g. Friedlander et al., 1992a; Friedlander et al., 1992b; 
Mushegian et al., 1998; Xie and Ding, 2000).  However, only a handful of these genes 
have actually been applied to deep metazoan phylogenetics, and most have only 
flourished briefly. 
The Use of Other Datasets 
The Large Subunit rRNA Gene 
 The 28S or large subunit (LSU) rRNA gene has been the second most commonly 
used gene for assessing deep metazoan relations.  Although LSU has been used 
separately, (e.g. Christen et al., 1991a,1991b) it is more commonly examined in 
combination with SSU (e.g. Mallatt and Winchell, 2002, 2007; Petrov and 
Vladychenskaia, 2005).  Although combined analyses of SSU and LSU provide more 
characters and have proven successful in some areas, the two ribosomal genes are closely 
linked physically and functionally, and thus, do not represent truly independent data.  
Moreover, these genes occur in multiple arrays.  These arrays are scattered throughout 
the genome and undergo concerted evolution by an undetermined mechanism.  Finally, 
these genes contain several regions that vary considerably in composition and length 
among taxa.  Alignment of these regions across large genetic distances can be 
challenging, and may lead to ambiguity and exclusion of data (reviewed in Hillis and 
Dixon, 1991; Hwang and Kim, 1999). 
 
 38 
“Total” Evidence 
 Several studies have attempted to combine SSU and other molecular data with 
morphological data in what has become known as the “total evidence” approach (e.g. 
Giribet et al., 2000; Glenner et al., 2004; Zrzavy et al., 1998).  A few of these studies 
have successfully improved the statistical support for some topologies.  However, the 
inferred relationships seem to largely depend on which morphological characters are 
included (Baker et al., 1998).  Furthermore, there is no theoretical model suggesting how 
to best combine multi-dimensional morphological characters with single dimensional 
nucleotide datasets.  The lack of a rigorous model has lead to a large variety of opinion, 
and character weighting varies greatly among analyses (Baker et al., 1998; Minelli, 
1998). 
Higher Level Molecular Data  
 A few studies have used higher level (e.g. gene order, presence/absence, rare coding 
events) molecular data as phylogenetically informative characters.  The elucidation of 
genetic developmental pathways among the diploblastic phyla has demonstrated a close 
link between Cnidaria and Bilateria based on the presence and expression patterns of 
developmental genes (Bode et al., 1999; Brooke and Holland, 2003; Collins et al., 2005; 
Finnerty and Martindale, 1999; Finnerty et al., 2004; Galliot, 2000; Kamm et al., 2006; 
Samuel et al., 2001; Wikramanayake et al., 2003).  Furthermore, the Hox genes lox2, 
lox4, lox5, post1, and post2 possess lophotrochozoan specific peptides, while Ubx, abd-A, 
and Abd-B exhibit ecdysozoan specific peptides (Balavoine, 1997, 1998; Balavoine et al., 
2002; De Rosa, 2001; De Rosa et al., 1999; Halanych and Passamaneck, 2001; 
Passamaneck and Halanych, 2004).  The low complexity of Hox and Parahox genes 
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among the acoelomorph flatworms has been postulated as further evidence of their basal  
position within Bilateria (Cook et al., 2004; Jimenez-Guri et al., 2006). 
 Mitochondrial gene order (e.g. Cohen et al., 1998b; Fritzsch et al., 2006; Lavrov and 
Brown, 2001; Lavrov et al., 2005; Noguchi et al., 2000; Steinauer et al., 2005; Valles and 
Boore, 2006) and sequence comparisons (e.g. Helfenbein and Boore, 2004; Helfenbein et 
al., 2004; Saito et al., 2000; Stechmann and Schlegel, 1999; Turbeville and Smith, 2007; 
Waeschenbach et al., 2006) have been used to characterize several bilaterian clades 
including Lophotrochozoa.  Moreover, lophotrochozoans have been found to possess a 
specific intermediate filament gene (Erber et al., 1998).  These studies have boosted 
support for the Lophotrochozoa hypothesis but have not been useful for distinguishing 
relationships among the lophotrochozoan phyla.  Finally, immunoreactivity of the 
nervous system to horse radish peroxidase (Haase et al., 2001), and rare coding events 
(Irimia et al., 2007) have provided support for Ecdysozoa but have produced little 
resolution within this clade. 
Protein Coding Genes 
 Several conserved nuclear protein coding genes have been investigated for potential 
use in deep metazoan phylogenetic analyses.  Many genes have either lacked enough 
informative characters to be useful at this level (e.g. ubiquitin and H4), have been too 
variable to be useful at this level (e.g. H3) or have suffered from low taxonomic 
representation (reviewed in McHugh, 1998).  Other genes (e.g. Hsp70) (Borchiellini et 
al., 1998) are members of closely related gene families and suffer from rampant paralogy 
(Martin and Burg, 2002). 
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 A few studies have utilized multi-gene datasets (both order and sequence data) from 
nuclear (e.g. Hausdorf, 2000; Philippe et al., 2005; Philippe et al., 2004; Zdobnov et al., 
2005) and mitochondrial (e.g. Boore and Staton, 2002; Helfenbein and Boore, 2004; 
Larget et al., 2005; Waeschenbach et al., 2006) genomes and expressed sequence tag 
(EST) projects (e.g. Longhorn et al., 2007; Matus et al., 2006).  In general, these studies 
have provided little resolution and have often produced trees reminiscent of the earliest 
SSU studies.  Similarly, these multi-gene examinations have low taxonomic 
representation and contain long-branch nematode and flatworm sequences (e.g. Hausdorf, 
2000; Longhorn et al., 2007; Philippe and Telford, 2006; but see Copley et al., 2004).  
Moreover, the genes used in these studies usually have widely disparate and often 
inappropriate substitution rates (reviewed in Hwang and Kim, 1999; Philippe et al., 
2005).  Furthermore, EST studies rarely provide complete or even nearly-complete gene 
sequences and frequently suffer from low sequencing coverage.  Because of these 
difficulties, the generation of molecular datasets from carefully characterized and 
individually chosen independent loci remains the best hope for resolving deep metazoan 
relationships (McHugh, 1998). 
 Only three individually characterized, nuclear, protein coding genes have found broad 
use among deep metazoan phylogenetics: elongation factor-1 alpha, myosin heavy chain 
type II, and sodium/potassium ion ATPase pump subunit beta.  Elongation factor-1 alpha 
(EF1-α) is the most widely used, and has been employed the longest.  This gene has been 
used to elucidate relationships ranging from the placement of Diploblasta (Kobayashi et 
al., 1996) and Acoelomorpha (Berney et al., 2000) to internal phylogenies of Annelida (+ 
Sipuncula + Echiura + Pogonophora) (Kojima, 1998; Kojima et al., 1993; McHugh, 
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1997) and Arthropoda (Regier and Schultz, 1998).  Myosin heavy chain type II (MYOII) 
has frequently been used to examine intraphyletic analyses in combination with other 
genes (e.g. Bleidorn et al., 2007), although it has also been used to determine some deep 
metazoan relations, such as the position of Acoelomorpha (Ruiz-Trillo et al., 2002).  
Sodium-potassium ATPase pump subunit beta (NKAP) is the most recently investigated 
nuclear gene.  A single study has used this gene to conduct a broad phylogeny of 
Bilateria (Anderson et al., 2004). 
 Obtaining data for specific nuclear protein coding genes can be extremely exacting.  
The difficulties inherent in generating large datasets of nuclear protein coding gene 
sequences may be the reason that only a few such genes have been examined.  Unlike 
metazoan rRNA and mitochondrial genes, most metazoan nuclear protein coding genes 
contain introns.  While the coding regions of the genes are generally conserved, introns 
have very high substitution rates and are unsuitable for utilization in high taxonomic level 
phylogenies.  To ensure analysis of only the coding region, messenger RNA (mRNA) 
must be extracted and retro-transcribed to complimentary DNA (cDNA). 
 Moreover, mRNA is less thermodynamically stable than DNA and is further subject 
to degradation by ubiquitously present ribonucleases (RNases).  Because of the 
sensitivity of mRNA, tissues used for the analysis of nuclear protein coding genes require 
specialized handling (Emmert-Buck et al., 2005).  The overall effect of working with 
nuclear protein coding gene is an increase in cost, time and difficulty.  However, these 
aspects are offset by high confidence in protein based alignments and multi-level (e.g. 
amino acid and nucleotide) information (reviewed in McHugh, 1998).  Furthermore, 
recent advances have greatly reduced the difficulty and cost of working with these genes.   
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The Purpose of the Current Project 
 Some recent studies of morphology, genetic sequence data, and non-sequential 
molecular characters (e.g. mitochondrial gene order, gene presence/absence, rare coding 
events, presence of specific motifs, etc...) have corroborated SSU based results and have 
further improved resolution for some areas of the metazoan tree (reviewed in Halanych, 
2004).  However, there are still many areas of the metazoan tree which find no support 
from morphological analyses or which lack resolution and support.  Moreover, the 
majority of deep relationships remain relatively unexamined with other genetic data.  
Additional independent genetic data with broad taxonomic representation are required to 
further test these findings. 
 The primary purpose of this study is, therefore, to increase the number of nuclear 
protein coding data available for these deep metazoan phylogenetic analyses by 
examining the utility of two nuclear protein coding genes.  These genes, glycerol 3-
phosphate dehydrogenase (G3PDH) and sarco/endoplasmic reticulum Ca2+ ATPase pump 
(SERCA) were chosen from the study of Mushegian et al. (1998) where they were 
assessed for appropriateness.  These genes will be sequenced from a wide variety of taxa 
and phylogenetically analyzed to examine the usefulness of these genes across Metazoa. 
   These genetic sequences will be combined with sequence data from GenBank and 
other genetic databases.  These datasets will be analyzed separately and in combination 
with SSU sequences from comparable taxa, and phylogenies will be generated for various 
areas of the metazoan tree.  The results will be compared to previous molecular and 
morphological hypotheses to assess the utility of these genes.  Additionally, various 
combinations of these datasets will be analyzed in the hope of increasing robustness and 
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resolution for certain areas of metazoan phylogeny.  Three primary areas will be 
investigated: 1. the phylogeny among most major groups of deuterostomes, 2. the 
interrelations of the arthropod subphyla and 3. the topology among nine lophotrochozoan 
phyla.  Other phylogenetic issues will be addressed including the branching among non-
bilaterian phyla and the position of Acoela. 
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Chapter Two: Organismal and Molecular Techniques 
Organism Collection and Handling 
 The short half life of RNA and the ubiquitous presence of active RNases cause RNA 
to rapidly deteriorate after cell death.  Therefore, samples used in RNA studies require 
special consideration and handling.  Tissues for RNA studies may be kept alive, frozen at 
≤ -70°C or stored in RNase inhibiting solutions until they are ready for processing.  These 
options may be used separately or in various combinations (reviewed in Emmert-Buck et 
al., 2005).  Organism processing in the field must be performed without contamination 
and starvation is precluded. 
 Organisms utilized in this research were acquired from a variety of sources 
(Appendix A.1).  More than half the specimens came from field collections at locations in 
Florida, Washington, and Kentucky (Appendix A.2).  Several species were purchased 
from supply companies.  A few organisms were donated by Billie Swalla (Friday Harbor 
Labs), Mary Kimball (U. South Florida), and Steven Nadler (U.C. Davis).  Altogether 63 
species were obtained from 17 phyla ranging across Metazoa (Appendix A.3).  All 
organisms were collected live or were obtained frozen at ≤ -80°C to avoid RNA 
degradation. 
 Specimens were starved 6 to 72 hours to minimize contamination by ingested 
material.  Most specimens were starved 18-22 hours.  However, fragile organisms [i.e. 
Ptychodera bahamensis (Hemichordata), Branchiostoma floridae (Chordata) and 
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Pectinatella magnifica (Ectoprocta)] were starved for only 6-8 hours to avoid premature 
death.  Terrestrial animals were starved in plastic specimen jars containing damp paper 
towels.  Marine organisms were starved in 0.22 µm filtered seawater.  Freshwater 
organisms were starved in 0.22 µm filtered spring water.  Cultures of Brachionus 
plicatilis (Rotifera) (Appendix A.4) and Hypsibius dujardini (Tardigrada) (Appendix 
A.5) were roughly filtered from their culture algae with a 53µm plankton collector 
(Florida Aqua Farms, Dade City, FL).  These two species were starved for 72 hours to 
ensure gut clearing. 
 After starving, organisms were anaesthetized.  All terrestrial organisms were 
anaesthetized with chloroform.  Most marine and freshwater organisms were 
anaesthetized in 0.22 µm filtered water by adding a few crystals of chloral hydrate.  
Specimens of B. plicatilis, Lecane sp., Philodina sp. (Rotifera); H. dujardini 
(Tardigrada); Stenostomum sp., Dugesia dorotocephala, and Bdelloura candida 
(Platyhelminthes) were anaesthetized by placing the cultures on ice.  All organisms were 
anaesthetized just until motion ceased. 
  At least one individual of each species was then processed for mRNA extraction.  
Tissues were aliquoted into ~12-50 µg portions in 1.5 mL centrifuge tubes.  Larger 
organisms were sectioned with flame sterilized razor blades.  Smaller organisms were 
aliquoted whole, often with numerous individuals per aliquot.  The digestive tracts of 
Chaetopterus variopedatus, Lumbricus terrestris, Serpula vermicularis, (Annelida); 
Emerita talpoida (Arthropoda); Molgula occidentalis (Chordata); Henricia leviuscula, 
Luidia senegalensis, Mellita quinquiesperforata, Strongylocentrotus droebachiensis 
(Echinodermata); and Phascolopsis gouldi (Sipuncula) were removed prior to aliquoting.  
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To minimize extraction difficulties from mucous, only foot muscle, adductor muscle and 
mantel tissue were retained for molluscs.  The only exception was Donax variabilis 
(Class Bivalvia); whole organisms were used due to their small size.  The outer few 
millimeters of Stellata grubii (Porifera) were excised with a sterile razor to remove 
epizoic organisms before portioning.  Dorsal papillae were clipped from Parastichopus 
californicus (Echinodermata, Holothuroidea), and the organism was released.  To 
facilitate tissue lysis, all aliquots were frozen at -80oC for at least 24 hours prior to 
mRNA extraction. 
 Individuals of most species were preserved as voucher specimens.  These organisms 
were relaxed until death occurred.  The specimens were fixed for two weeks in a solution 
of 4% formaldehyde saturated with borax and sucrose.  After fixation most organisms 
were transferred to 70% ethanol solution for storage.  A few organisms were stored in the 
formaldehyde solution to preserve color.  Non-holothuroid echinoderms and mollusc 
shells were also preserved by drying.  Voucher specimens were assigned identification 
numbers, tagged and stored in the lab of James R. Garey at the University of South 
Florida as the Terry G. Campbell Collection (Appendix A.1). 
Molecular Methods 
 MicroPoly(A) Pure (Appendix B.1) and MicroPoly(A) Purist (Appendix B.2) kits 
from Ambion the RNA Company (Austin, TX) were used to extract mRNA.  Although 
both kits work on very similar bases, the details of the protocols differ at several points.  
In general, cells are lysed, and the poly (A) tails of mRNA are bound to oligo (dT) 
cellulose.  The mRNA is purified using various solutions and finally eluted.  The 
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MicroPoly(A) Purist kit replaced the discontinued MicroPoly(A) Pure kit.  
 After extraction, mRNA was retro-transcribed to cDNA (Appendix B.3), with 
RETROscript® First Strand Synthesis Kits for RT-PCR from Ambion, the RNA 
Company (Austin, TX) on a Biometra T3-Thermoblock thermal cycler (Whatman 
Biometra, Göttingen, Germany).  Oligo (dT) primers were used to complement the poly 
(A) tails of mRNA.  Single stranded cDNA was generated with Moloney murine 
leukemia virus reverse transcriptase (MMLV-RT).  After retro-transcription, 1 µL of 10 
µg/mL RNase A (Sigma-Aldrich, St. Louis, MO) was added to each reaction.  The tubes 
were incubated 20 minutes at 37°C to denature the mRNA, leaving only single stranded 
cDNA.  The cDNA libraries were stored at -80°C when not in use. 
 Several G3PDH and SERCA amino acid (AA) sequences were obtained from 
GenBank via Entrez (NCBI, Bethesda, MD).  Sequences were aligned using the amino 
acid default settings for CLUSTALX 1.81 (Thompson et al., 1997).  Sixteen metazoan 
sequences and one fungal sequence (Saccharomyces cerevisiae) were aligned for 
G3PDH.  Thirty-three metazoan sequences and one fungal sequence (Neurospora crassa) 
were aligned for SERCA.  The alignments were investigated for areas that were 
conserved among the metazoans but not conserved between the metazoans and fungi.  
The areas were selected for low degeneracy at positions as near the termini as possible.  
Degenerate DNA primers were designed to match the amino acids of these regions (Table 
2.1).  These primers were generated as standard oligonucleotides by Integrated DNA 
Technologies (Coralville, IA). 
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Table 2.1:  PCR primers for G3PDH and SERCA. 
Primer 
Name 
Primer Sequence Amino Acid 
Sequence 
Positions in  D. 
melanogaster 
G3PDH 
Primers 
  D. melanogaster 
Accession # NP_476567 
GlyF1 5’CCGGAATTCAAGCTTGGNTCHGGNAAYTGGGG3’ GSGNWG AA 11-16 
GlyR6 5’CCGGAATTCAAGCTTATRTRYTCNGGRTGRTT3’ NHPE(H,Y)(M,I) AA 345-350 
SERCA 
Primers 
  D. melanogaster 
Accession # AAB00735 
SF3 5’GAATTCAAGCTTAARGARTAYGARCCNGA3’ KEYEPE AA 120-125 
SR6 5’GAATTCAAGCTTGTNACNARRTTNACCCA3’ WVNLVT AA 794-799 
Positional information = number of amino acids from the N’ terminus of the reference sequence.  F = 
forward primer (sense strand).  R = reverse primer (antisense strand).  Underlined regions =  restriction 
sites. 
 
 The cDNA libraries were used as templates for PCR (Appendix B.4).  These reactions 
were performed in 0.2 mL tubes on a Biometra T3-Thermoblock thermal cycler 
(Whatman Biometra, Göttingen, Germany).  The amplicons were separated by 0.9% 
agarose gel electrophoresis in TAE buffer with ethidium bromide (484µg/mL tris base, 
1.14 ppt glacial acetic acid, 40µM EDTA, and 2.5 pg/mL ethidium bromide) (Maniatis et 
al., 1982).  The gels were illuminated at λ = 312 - 365nm.  Appropriately sized amplicon 
bands (G3PDH = ~1050 bp; SERCA = ~2050 bp) were excised using individual flame 
sterilized razors.  The amplicons were purified from the agarose using a QIAquick gel 
extraction kit (QIAGEN, Valencia, CA) (Appendix B.5). 
  Purified amplicons were employed as templates for cloning reactions utilizing TOPO 
TA Cloning® Kits for Sequencing (Invitrogen, Carlsbad, CA).  Reactions were 
performed at one-half the manufacturer specifications (Appendix B.6).  Transformed 
cells were pipetted in 50 µL increments onto plates of Luria-Bertani, LB, agar (10 g/L 
tryptone, 5 g/L yeast extract, 5 g/L NaCl, 15 g/L agar) containing 100 µg/mL sodium salt 
of ampicillin.  The spread plate technique was used to disperse the cells, and the plates 
were incubated at 37°C for 18-22 hours (Maniatis et al., 1982).  
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 Individual clones were selected to inoculate LB broth (10 g/L tryptone, 5 g/L yeast 
extract, 5 g/L NaCl, 15 g/L agar) with sodium salt of ampicillin (100 µg/mL) for mini-
preparations of plasmid (mini-preps) (Maniatis et al., 1982).  Alkaline lysis mini-preps 
(Maniatis et al., 1982) followed by polyethylene glycol (PEG) precipitations  (Lis and 
Schleif, 1975) were employed for purification of a few samples (Appendix B.7).  
However, most mini-preps utilized Perfectprep® plasmid 96 vac kits from Eppendorf 
(Hamburg, Germany) (Appendix B.8).  In both methods cells are lysed, circular DNA is 
nicked with NaOH, and acidic potassium acetate is used to precipitate chromosomal 
DNA, leaving plasmid DNA in solution.  The plasmid DNA is then purified using various 
techniques.  Although both methods use similar principles, the details of the procedures 
differ significantly (Maniatis et al., 1982).  
 Sequencing reactions (Sanger et al., 1977) of the purified plasmids were performed 
using two different protocols and automated sequencing machines.  Some sequences were 
generated on a Beckman Coulter CEQ 8000 Genetic Analysis System (Appendix B.9), 
but the majority were performed by Polymorphic DNA Technologies, Inc. (Alameda, 
CA).  Insert identities were determined by sequencing with the plasmid based T3 primer 
and searching GenBank for similar sequences using BLASTx (Altschul et al., 1990). 
 Representative clones were selected and completely sequenced using the plasmid 
based T7 and insert derived internal primers.  Whenever possible, a single clone was 
utilized for complete sequencing.  Internal priming sites were chosen in relatively 
conserved regions at roughly 500 bp intervals.  Degenerate primers were designed 
whenever possible.  However, due to the wide annealing temperature ranges for some 
degenerate primer mixes, individually designed primers were required in a large number 
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of cases, (Appendices B.10 and B.11).  Multiple clones were sequenced from each gene 
and species to assess the diversity of sequence types.  Isoforms were identified in several 
cases; these seemed to represent gene duplication or alternative splicing events not 
sequencing error or low level allelic variation.  Representative clones were chosen for 
each isoform, and complete sequences were generated.  The sequences were obtained as 
electropherogram files and were used to perform subsequent analyses. 
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Chapter Three: Genetic Information and Analysis 
The Genes 
Gene Selection 
 In order to increase the molecular data available for deep metazoan phylogenetic 
analyses, this study has generated numerous genetic sequences for two nuclear protein 
coding genes.  These genes, glycerol 3-phosphate dehydrogenase (G3PDH) and 
sarco/endoplasmic reticulum Ca2+ ATPase pump (SERCA) were chosen from the study 
of Mushegian et al. (1998) where they were tested for orthology, long-branch attraction 
problems, and appropriate substitution rates.  To decrease the likelihood of linkage, genes 
in the current study were selected from different cellular processes. 
Substitution Rates 
 Substitution rates were estimated for candidate genes suggested in Mushegian et al. 
(1998) by comparing aligned amino acid and DNA sequences for H. sapiens (human), D. 
melanogaster (fly), and C. elegans (worm).  Pairwise comparisons of human to fly and 
human to worm were used to determine the percentage of sites that display identity 
between the taxa pairs.  These comparisons were used to select a pair of genes with 
appropriate and comparable rates of substitution. 
 It is difficult to determine a priori what substitution rate will be appropriate for 
resolution at a given taxonomic level.  However, numerous studies of metazoan 
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phylogeny using the SSU gene have shown that it performs satisfactorily in areas of 
moderate taxonomic divergence (e.g. among phyla in Ecdysozoa), but less well at higher 
and lower taxonomic levels (reviewed in Aguinaldo and Lake, 1998; Garey and Schmidt-
Rhaesa, 1998; Halanych, 1998, 2004; McHugh and Halanych, 1998; Telford, 2006). 
 Of the three broadly employed nuclear protein coding genes, only NKAP has a 
substitution rate similar to that of SSU.  The substitution rates of MYOII and EF1-α are 
respectively much lower and higher than SSU, and these two genes have performed less 
well across the range of distances found among most animal phyla (see single sets in 
Berney et al., 2000; Ruiz-Trillo et al., 2002).  Both G3PDH and SERCA are similar to 
SSU in substitution rate, and should provide resolution for comparable areas.  However, 
SERCA is slightly more conserved and G3PDH is slightly less conserved than SSU, 
which should produce resolution over a wider range of divergences (Figure 3.1). 
Figure 3.1:  Substitution Rate Comparisons 
Substitution Rate as Determined by Percentage of Sites that Show Identity Between Taxonomic Pairs
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 To assess potential unequal rate problems with C. elegans, human-fly and human-
worm percent identity values were compared.  If the fly and worm lineages have nearly 
equal substitution rates, the genetic distances between them and humans should be 
similar.  Both protein coding genes display more equivalent substitution rates for fly and 
worm sequences than SSU.  However, G3PDH shows a greater difference than SERCA.  
The disparity between fly and worm substitution rates for G3PDH is similar to that for 
MYOII, while that of SERCA is comparable to NKAP.  Given this correlation, the 
difference may merely be indicative of the greater variability of G3PDH. 
Orthology 
 No completely accurate method for determining orthology currently exists.  Most 
morphological tests of homology are inapplicable to genetic data, and orthology is 
determined primarily by statistical similarity (Fitch, 1970; Martin and Burg, 2002).  With 
increased genetic and taxonomic sampling, copies have been found for most genes.  For 
example, several total and partial genome duplications have occurred within the 
vertebrate lineage (e.g. Furlong and Holland, 2004; Hoegg et al., 2004; Holland and 
Garcia-Fernandez, 1996; Holland, 1998; Iwabe et al., 1996; Ohno, 1970; Page and 
Cotton, 2002; Taylor et al., 2001; Volff, 2005).  Moreover, both D. melanogaster and C. 
elegans have low level duplications for some genes.  Even the presence of only a single 
copy of a gene within a genome is no guarantee of orthology.  Multiple duplications and 
losses may have occurred in the lineage leading to the single copy now present (Martin 
and Burg, 2002).  In most cases, putative orthology is relatively easy to determine, and 
paralogy only becomes problematic within high copy number gene families of moderate 
genetic divergence (e.g. Hsp 70) (Martin and Burg, 2002). 
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 The most popular means of assessing orthology combines the reciprocal search 
(Mushegian et al., 1998) and the phylogenomic approaches (Eisen, 1998).  The parent 
database is reciprocally searched for matches.  Because similarity assessing programs do 
not perform optimally over large genetic distances (Koski and Golding, 2001), all close 
matches are retained.  Reciprocal searching is performed until all close matches in the 
database are found.  These sequences are then used to construct phylogenetic trees.  
Orthology is then determined by phylogenetic placement among all similar sequences 
with known functions. 
 This approach is more robust than most other means of determining orthology, in that 
it utilizes two screening methods with increasing refinement.  Similarity searches are 
used to roughly sort sequences and ensure that potential orthologs are not overlooked.  
Phylogenetic methods are then used to compare the data to sequences of know function 
using more sensitive models (reviewed in Eisen and Fraser, 2003; Martin and Burg, 
2002; Mindell, 1991; Xie and Ding, 2000).  This method does require some assumption 
of phylogenetic knowledge, which may be difficult to assess over short genetic distances.  
However, at short genetic distances the inclusion of paralogs in phylogenetic assessments 
has little effect on topology (reviewed in Martin and Burg, 2002; Sonnhammer and 
Koonin, 2002; Xie and Ding, 2000). 
Glycerol 3-Phosphate Dehydrogenase: G3PDH 
 Glycerol 3-phosphate dehydrogenase functions as a dimeric complex to catalyze the 
interconversion of glycerol 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) 
in the cytosol (e.g. Batke et al., 1980; Ou et al., 2006).  Two major cellular pathways use 
this enzyme.  During gluconeogenesis, G3PDH converts G3P to DHAP by the reduction 
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of nicotinamide adenine dinucleotide (NAD+  →  NADH).  The DHAP then enters the 
gluconeogenic pathway as fructose 1, 6 bisphosphate.  This enzyme is also used in the 
glycerol phosphate shuttle (GPS) to convert DHAP to G3P by the oxidation of NADH to 
NAD+.  The G3P carries the electrons from the NADH into the mitochondrion where 
they are used in the respiratory electron chain (reviewed in Merritt et al., 2006; Ou et al., 
2006; Stryer, 1995). 
 Nuclear glycerol 3-phosphate dehydrogenases are members of the NAD dependent 
dehydrogenase family (Ou et al., 2006).  The core coding region of this gene is ~1050 bp 
and encodes a protein that is ~37.5 kDa.  Alternative splicing events and species specific 
differences may greatly alter the length at both termini.  In D. melanogaster, four tissue 
specific isoforms are generated from eight exons by alternative splicing, which occurs 
almost exclusively at the carboxyl-terminus (Hopkins et al., 1974; von Kalm et al., 1989; 
Wilanowski et al., 1998b).  
 Yeast and most vertebrates possess two G3PDH copies, but these appear to represent 
distinct duplications (Eriksson et al., 1995; Hopkins et al., 1974; Ou et al., 2006).  The 
functions and sequences of these copies seem to be relatively conserved, but remain 
relatively uninvestigated.  A third “mitochondrial” form is found ubiquitously among 
mitochondriate eukaryotes.  This protein functions in the GPS to convert G3P to DHAP 
by reduction of flavin adenine dinucleotide (FAD+ → FADH2) at the outer surface of the 
inner mitochondrial membrane.  “Mitochondrial” G3PDH is a nuclear gene but is only 
distantly related to nuclear G3PDH (Beleznai and Jancsik, 1987; Edwards et al., 1985; 
Stryer, 1995). 
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 Phylogenetic investigations utilizing G3PDH have been limited to intrageneric 
relations of subgroups of Drosophila (e.g. Barrio and Ayala, 1997; Bonacum et al., 2005; 
Goto and Kimura, 2001; Goto and Yoshida, 1999; Kopp, 2006; Kwiatowski and Ayala, 
1999; Tatarenkov et al., 1999; Tominaga and Narise, 1995).  However, these 
phylogenetic studies have been extensive, and this gene is well characterized for the 
genus Drosophila  (e.g. Ayala, 1997; Ayala et al., 1996; Kwiatowski et al., 1997; 
Tominaga et al., 1992; Wells, 1995, 1996) and a few other insects (Wilanowski and 
Gibson, 1998; Wilanowski et al., 1998a).  Most other studies of G3PDH have explored 
its function and expression in different muscle types among vertebrates and insects (e.g. 
Clark and Wang, 1994; Merritt et al., 2006; Ou et al., 2006; Wojtas et al., 1997). 
Sarco/Endoplasmic Reticulum Ca2+ Channel ATPase Pump: SERCA 
 The sarco/endoplasmic reticulum Ca2+ channel ATPase pump hydrolyzes ATP to 
transport calcium ions against a concentration gradient into the lumen of the endoplasmic 
reticulum.  This action maintains a low cytosolic calcium ion concentration, which is 
vital for normal cellular function.  The endoplasmic reticulum serves as a storage area for 
calcium ions, which may be rapidly released into the cytosol when needed (e.g. during 
muscle contraction).  After release into the cytosol, SERCA rapidly returns the calcium 
ion concentrations to normal levels.  This gene finds its highest expression in the 
sarcoplasmic reticulum (muscular endoplasmic reticulum) where it is used to tightly 
regulate calcium concentration (reviewed in Merzendorfer, 2004; Stryer, 1995; 
Toyoshima and Mizutani, 2004). 
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 Sarco/endoplasmic reticulum Ca2+ ATPase pump is a member of the P-type 
membrane translocating cation ATPase pump family (Toyoshima and Mizutani, 2004).  
The core coding region of this gene is ~3000 bp and produces a protein that is ~100 kDa 
(reviewed in Merzendorfer, 2004).  Alternative splicing events and species specific 
differences may greatly alter the length of both termini.  Tissue specific isoforms have 
been found in almost every organism investigated (e.g. Chen et al., 2002; Magyar and 
Varadi, 1990), and at least ten exist in H. sapiens.  The vast majority of isoforms are 
generated by alternative splicing at the carboxyl-terminus (reviewed in Martin et al., 
2002; Periasamy and Kalyanasundaram, 2007). 
 Three duplicate SERCA genes: SERCA1, SERCA2, and SERCA3 are found in most 
vertebrates.  The SERCA1 copy is expressed in fast twitch muscle tissue.  The SERCA3 
copy is expressed in some non-muscle cell types.  The SERCA2 copy, which possesses 
the highest similarity to the single invertebrate SERCA gene, is utilized in almost every 
cell type but finds its highest expression in slow twitch and cardiac muscles (reviewed in 
Periasamy and Kalyanasundaram, 2007).  Two other related Ca2+ ATPase pumps are 
known.  The plasma membrane pump transports calcium ions to the exterior of the cell 
(reviewed in Shull et al., 2003).  The secretory pump moves calcium ions into the Golgi 
complex and associated vesicles (reviewed in Dolman and Tepikin, 2006).  Both of these 
genes have amino acid sequences that are easily distinguished from SERCA. 
 As far as can be determined no phylogenetic analyses have been performed with 
SERCA.  This gene has been extensively examined in mammals due to its role in cardiac 
functioning.  Most other studies of SERCA have focused on differences in muscle type 
expression (reviewed in Periasamy and Kalyanasundaram, 2007). 
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The Small Ribosomal Subunit 18S rRNA Gene: SSU 
 The 18S or nuclear small subunit (SSU) rRNA gene encodes a single stranded RNA 
transcript that functions in the translational machinery of the cell.  Complementary 
regions of the RNA bind to form a complex three dimensional structure with numerous 
helices and loops.  This structure complexes with several proteins to form the small 
ribosomal subunit.  A functional ribosome comprises one small and one large subunit and 
is utilized to translate mRNAs to amino acid chains.  Accurate translation is essential to 
all aspects of cellular function (reviewed in Alberts, 1994; Wolfe, 1993). 
 The SSU gene is a member of the nuclear rRNA gene family, which in eukaryotes 
also comprises the 5.8S rRNA and LSU (28S) rRNA genes.  The core SSU sequence is ~ 
1800 bp long but may vary greatly due to species specific indels in certain variable 
regions.  The SSU, 5.8S and LSU genes are sequentially arranged in is arranged in 
multiple arrays, which are distributed throughout the genomes of most eukaryotes.  All 
three genes are transcribed as a single unit and are separated by removal of the internal 
transcribed spacers (ITS) connecting them.  The various arrays undergo substitution by 
concerted evolution and are nearly identical in sequence.  There is evidence of slight 
variation among clusters, but most SSU transcripts are nearly the same (reviewed in 
Hillis and Dixon, 1991; Hwang and Kim, 1999; but see Ball and Miller, 2006). 
 The SSU gene has a long and extensive history of phylogenetic utility.  This gene has 
been used to investigate phylogenies ranging from the deepest nodes of life (e.g. Woese 
and Fox, 1977; Woese et al., 1990) to intraphyletic relations (e.g. McHugh, 2000; Near et 
al., 1998).  Most other studies of this gene have been performed to elucidate the details of 
translation (reviewed in Alberts, 1994; Wolfe, 1993). 
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Data Processing 
Dataset Assembly 
Obtaining Sequences 
 Contiguous sequences (contigs) were assembled for each gene using Seqman II 
(DNAStar Inc. Madison, WI).  Complete bidirectional coverage was obtained for all 
sequences to allow correction for ambiguous and bad sequence data and to minimize 
sequencing error.  Furthermore, the sequencing of multiple clones allowed further error 
checking by providing moderate single direction coverage for portions of all contigs.  
Contigs were trimmed to remove PCR primers and to ensure translation in the correct 
reading frame.  The DNA sequences were translated to amino acid sequences using the 
universal genetic code in Editseq (DNAStar Inc., Madison WI).  Datasets of DNA and 
amino acid sequences were assembled for alignment and analysis. 
  Datasets of putative orthologs were assembled using a combination (Xie and Ding, 
2000) of reciprocal search (Mushegian et al., 1998) and phylogenomic approaches 
(Eisen, 1998).  The G3PDH and SERCA amino acid sequences used in Mushegian et al. 
for D. melanogaster, H. sapiens and C. elegans were obtained from GenBank (1998).  
Reciprocal searches of GenBank were performed with these sequences using the 
BLASTp (Altschul et al., 1990) program.  All non-redundant metazoan sequences with 
scores higher than the closest non-metazoan sequence were retained. 
 To supplement the GenBank datasets, similar searches were performed for all 
publicly available EST and genome sequencing projects.  Some sequencing projects did 
not allow the use of BLASTp and only allowed searching by term name.  In these cases 
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the terms “glycerol” and “ATPase” were utilized.  Only fully compiled and annotated 
data were examined.  Since the point of searching other projects was to provide 
additional taxa, only projects for taxa without completed genome sequences were 
searched. 
Sequence Assessment and Dataset Reduction 
 All sequences were obtained in FASTA format and added to the data generated in this 
study (Files = AllSet).  Sequences were then successively removed from the datasets to 
produce core sets of similar orthologs.  In each case, alignments were created with 
CLUSTALX (default settings), and used to generate Neighbor-joining (NJ) trees under 
the amino acid Poisson model in MEGA4 (Tamura et al., 2007).  Both alignments and 
trees were used to determine dataset reduction criteria. 
 The sequenced portion of G3PDH corresponded to 350 of the approximately 360-400 
total amino acids in D. melanogaster (Table 2.1).  This sequenced portion comprised all 
of the functional regions of the gene and excluded only the most terminal amino acids.  
The sequenced portion of SERCA corresponded to 690 of the approximately 1000 amino 
acids in D. melanogaster (Table 2.1).  This sequenced portion comprised almost all of the 
E1-E2 ATPase, all of the hydrolase and all the region connecting these two domains.  
The C’ and N’ cation ATPase regions of the gene are excluded from analysis.  Four of the 
ten transmembrane domains and portions of all of the functional domains are included in 
the sequenced SERCA region. 
 In many cases more than a single sequence met the retention criteria.  Unless 
otherwise specified, the shortest sequence was selected in these cases, in order to 
facilitate speed and accuracy of subsequent alignments.  Alignments were performed 
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between each step to better assess the datasets.  The retention criteria used to reduce 
datasets are as follows. Only the regions of the genes sequenced in this study were 
examined when assessing differences among sequences. 
 Criterion 1. Sequences lacking full coverage were considered “short” and were 
removed (Files = MasterSet).  Sequences containing contiguous or single gaps were only 
considered short if the gap extended beyond the end of the examined region.  Sequences 
containing contiguous gaps were treated later in the analysis. 
 Criterion 2. Sequences lacking amino acid differences were considered “identical”.  
Since the PCR primers were designed to avoid the variable carboxyl-termini, most 
alternatively spliced isoforms could be treated as identical.  A single representative of 
each identical group was retained (Files = IdenticalsRemovedSet). 
 Criterion 3. “Alleles” were defined as sequences for the same taxon which differed by 
less than 1.5% (i.e. 10 AA out of 669 AA for SERCA and 5 AA out of 330 AA for 
G3PDH) in noncontiguous amino acid sequence.  From each set of alleles, the sequence 
with minimal differences to the others was chosen.  The remaining alleles were removed 
from the sets (Files = AllelesRemovedSet). 
 Criterion 4. All “paralogs” were removed.  “Paralogs” were defined as sequences 
with phylogenetic placement outside the normal range of positions for the majority of 
sequences in their taxonomic group.  Since almost all phyla were represented by more 
than one sequence, paralogy could be determined by phylogenetic position (Files = 
HomologousSet).  All remaining sequences were considered “isoforms”. 
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 Criterion 5. “Size variant” isoforms were removed.  “Size variants” were defined as 
sequences with contiguous unique indels of at least five amino acids.  Size variants were 
not removed when doing so would remove a taxon completely (Files = SimilarSizedSet). 
 Criterion 6. Several very long-branch sequences appeared among the vertebrate 
copies: SERCA3, SERCA1, and G3PDH-Like.  These sequences did not appear to be 
splice variants and may represent additional lineage specific duplications.  The length of 
the branches indicates that these genes have diverged significantly in sequence and 
possibly in function.  All of these long-branch sequences were removed, since the taxa 
were also represented by short-branch counterparts for the same gene copy. 
 Criterion 7. To improve dataset manageability, several taxa were removed from 
overly represented groups (e.g. vertebrates and insects).  Taxa were selected to maintain 
overall taxonomic diversity, while increasing congruence between the gene sets.  For 
example, Lepisma saccharina sequences were present in both G3PDH and SERCA 
datasets, but only the G3PDH dataset contained Ctenolepisma longicaudata.  The L. 
saccharina sequences were retained and the C. longicaudata sequence was removed, 
thereby preserving taxonomic representation (i.e. thysanuan insects) and improving the 
congruency of the sets. 
 Criterion 8.  In general, vertebrate taxa not represented in all co-orthologous 
duplications of a gene (Sonnhammer and Koonin, 2002) (i.e. SERCA 1,2,3; G3PDH and 
G3PDH-Like) were removed (MainSet). 
 Both criterion #7 and criterion #8 were often subjectively performed with no 
compelling reason for retaining one organism rather than another (e.g. mouse vs. rat).  
Moreover, the final number of taxa retained for these overrepresented groups was not set.  
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A few organisms were retained that represented unique taxonomic groups (e.g. the 
possum Monodelphis domestica for SERCA2), even when they were not represented in 
the other gene set or among all copies of the gene being examined. 
 Criterion 9. The final round of reduction involved identification and removal of type 
isoforms.  Type isoforms comprised two categories: “alternatively spliced variants” and 
“co-orthologs”.  “Co-orthologs” were defined as tightly grouping gene copies and are 
distinguished from distant paralogs by their close phylogenetic positions (Sonnhammer 
and Koonin, 2002).  For each set, only the isoform most similar to the entire alignment 
was retained. 
 For most splice variants, similarity was relatively easy to determine, since one form 
was usually unique over a short contiguous distance.  In the case of co-orthologs, branch 
length was used to determine similarity to the overall dataset.  Only the shortest-branch 
co-ortholog was retained from each set, except among the vertebrates.  The entire clades 
of SERCA2 and G3PDH were determined to represent the best matching co-orthologous 
groups; however, the bony fish duplications within these groups were treated as before 
(Files = ToBeUsedSet). 
 Corresponding nucleotide sequences (Appendix B.13 and B.14) were then obtained 
and aligned.  Amino acid sequence alignments were generated under the default settings 
in CLUSTALX and were adjusted manually in Genedoc (Nicholas and Nicholas, 1997).  
The amino acid alignments were used to guide nucleic acid sequence alignment using 
CodonAlign 2.0.  All datasets were then trimmed to remove the terminal regions not 
examined in this study and were realigned as before. 
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 Compared to first and second codon positions, third codon positions are usually far 
less constrained and have much higher substitution rates.  Over large genetic distances 
these increased substitution rates can lead to significant homoplasy (saturation) for third 
position nucleotides.  High levels of homoplasy can confound phylogenetic assessment.  
Therefore, only the first and second codon positions were used for further analyses. 
 Datasets of the closest corresponding SSU sequences were generated (Appendix 
B.15).  Preliminary SSU analyses were performed to determine the best matching 
sequence dataset.  All potential SSU sequences were aligned in CLUSTALX using 
default parameters (Files=MasterSets).  Neighbor Joining trees were generated in 
MEGA4 using the Kimura 2-Parameter (K2P) model of molecular evolution (Kimura, 
1980).  The data were examined for completeness of sequence, sequence duplication and 
equivalence of substitution rates (as determined by branch-length).  Short, identical and 
allelic (<1.5% difference DNA) were treated as with the G3PDH and SERCA datasets. 
The best sequence was retained from each group (Files=AllelesRemovedSets). 
 Not all taxa could be matched at the species level.  Whenever taxonomic unity could 
not be obtained, several closely matching sequences were obtained and examined as 
before.  Three instances occurred, in which SSU sequences from less closely related 
species had to be chosen even when more closely related sequences were available 
(Files=SpeciesRemovedSets).  The corresponding SSU sequence for Pectinatella 
magnifica was extremely short and Cristatella mucedo (same order, Pectinatella) was 
chosen instead.  For Lottia gigantea and Aplidium californicum the most closely related 
sequences were so divergent that unambiguous alignments could not be obtained.  
Distaplia dubia (same suborder, Aplousobranchia) was chosen to correspond to A. 
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californicum.  However, all available eogastropod SSU sequences contain large unique 
insertions and are unalignable to other SSU sequences over most of the length of the 
gene.  Therefore a basal orthogastropod, Diodora graeca, was used instead.  Once all 
taxa were selected the datasets were recompiled (Files=FinalSets). 
 Once sequence identities were determined for final analyses, SSU sequences were 
obtained pre-aligned according to secondary structure from the European Ribosomal 
RNA Database (http://bioinformatics.psb.ugent.be/webtools/rRNA), (ERRD) whenever 
possible.  The remaining SSU sequences were obtained from GenBank.  The GenBank 
sequences were aligned to the ERRD sequences with guidance from secondary structure 
using DCSE (De Rijk and De Wachter, 1993).  Unalignable regions were removed and 
excluded from further analyses (Table 3.1).  The G3PDH, SERCA and SSU files were 
concatenated for separate and combined analyses.  Taxa which did not match perfectly 
among combined datasets were represented by the name of the most specific clade 
containing them.  In most cases the G3PDH and SERCA genes came from the same 
species.  However, four cases occurred in which G3PDH and SERCA taxa could only be 
matched at the order or class level (Appendix B.16). 
Table 3.1:  Ambiguously Aligned Regions of the SSU Dataset. 
D. melanogaster Accession# M21017 Region 1 Region 2 Region 3 Region 4 
Nucleotides 188-194 860-866 1440-1568 1885-1908 
Helices 10-10’ 23_12-23_12’ 43-43’ 49-49’ 
These regions were removed from analysis due to ambiguity in alignment.  Positional information = the 
number of nucleotides from the 5’ terminus in the D. melanogaster reference sequence.  
 
 The datasets were divided into the following taxonomically based categories: All, 
Bilateria, Deuterostomia, Arthropoda, and Lophotrochozoa.  For each category the 
following gene combinations were examined: G3PDH, SERCA, SSU, G3PDH + 
SERCA, G3PDH + SSU, SERCA + SSU and SERCA + G3PDH + SSU.  Estimates of 
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the best evolutionary model of nucleotide substitution were determined for each category 
and dataset using MrModelTest 2.2 (Nylander, 2004) in conjunction with PAUP* 4.0b10 
for Windows™ operating systems (Swofford, 2003). 
 Bayesian analyses (Yang and Rannala, 1997) were performed using MrBayes 3.1.1 
(Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003).  Maximum 
likelihood (ML) analyses (Felsenstein, 1981) were performed with PhyML (Guindon and 
Gascuel, 2003), which utilizes a fast hill climbing method for the analysis of large 
datasets.  Neighbor Joining analyses (NJ) were performed using MEGA4 (Saitou and 
Nei, 1987).  Sites containing gaps were omitted from all phylogenetic analyses.  
Statistical support was estimated by nonparametric bootstrapping (Hillis and Bull, 1993) 
for ML and NJ analyses and by posterior probability values for Bayesian analyses (Yang 
and Rannala, 1997).
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Chapter Four: Results 
Sequence Investigation 
Basic Parameters 
 Eighty-seven distinct SERCA sequences were generated for fifty-three metazoan 
species comprising sixteen phyla and thirty-three major intraphyletic divisions.  Five 
sequences were extremely short (gapped) size variants (365-802 bp).  When these gapped 
sequences are excluded, SERCA sequence lengths (sans primers) range from 2052 to 
2108 bp (= 665-684 AA) with a mean, median, and mode of 2007 bp (= 669 AA) and 
comprise a total 164,605 bp for the dataset (= 167,391 with the five gapped sequences 
were included). 
 Seventy-six distinct G3PDH sequences were generated for forty-nine metazoan 
species comprising twelve phyla and twenty-four major intraphyletic divisions.  One 
sequence was a short (gapped) size variant (888 bp).  When this gapped sequence is 
excluded, G3PDH sequence lengths (sans primers) range from 957 to 1104 bp (=319-367 
AA) with a mean of 997 bp, median of 990 bp and mode of 984bp (= 328-332 AA) and 
comprise a total 74,760 bp for the dataset (= 75,591 including the gapped size variant).   
 Altogether, one hundred sixty-three sequences (87 SERCA + 76 G3PDH) comprising 
242,982 bp (= 80,994 AA) were obtained from sixty-three species of metazoans 
representing seventeen phyla and thirty-six major intraphyletic groups.  The average 
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length of combined SERCA and G3PDH data is 3004 bp (1001 AA).  Forty-one 
taxonomically similar groups comprising eleven phyla and twenty-two major 
intraphyletic divisions were sequenced for both G3PDH and SERCA.  Additional 
G3PDH and SERCA sequences were acquired from publicly available databases for 
Monosiga brevicollis (Protista, Choanoflagellata) (SERCA only); Nematostella vectensis 
(Cnidaria, Anthozoa); Neurospora crassa, Cryptococcus neoformans (Fungi, 
Ascomycota and Basidiomycota); Lottia gigantea (Mollusca, Gastropoda); as well as 
numerous vertebrates (Chordata) and  insects (Arthropoda). 
Multi-form Sequences 
Basic Categorization 
 The nine retention criteria for dataset reduction were used to investigate various 
sequences in this analysis.  Six categories were used to characterize multi-form 
sequences: identical sequences, alleles, paralogs, co-orthologs, size variants, and splice 
type variants.  An extremely high number of multi-form sequences were obtained from 
external databases.  For this reason, multi-form sequences not generated in this study will 
only be discussed if they are phylogenetically relevant (Figure 4.6 and 4.7). 
 The vast majority of sequences generated in this study were represented by a single 
form.  Multiple sequence forms were discovered for several taxa, but the number of 
multiple sequence forms displayed by a given taxon was usually low.  As the number of 
sequence forms increased the number of taxa displaying them decreased logarithmically 
(Figure 4.1).  Several sequences investigated in this study were removed during the 
various dataset reduction steps and were not included in the final phylogenetic analyses.  
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Unless otherwise specified, these sequences were closely allied with other members of 
their clade, and their removal did not greatly alter tree topologies. 
Figure 4.1:  Abundance of Multi-form Sequences. 
Abundance of Multiform Sequences y = -32.793Ln(x) + 51.959
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Combined G3PDH and SERCA data generated in this study comprising all categories of multi-form 
sequences.  The majority of taxa (59/96) displayed a single sequence form for a given gene.  The number of 
multi-form sequences was generally low and had an inverse logarithmic relationship with the number of 
taxa that displayed the multiple forms.  No taxon displayed more than six forms for a given gene. 
 
 
Short Sequences, Identical Sequences, and Alleles 
 Several hundred short, identical and allelic forms were obtained from the various 
databases of previously published sequences.  The majority of these sequences were not 
actually identical or allelic sequences but rather comprised carboxyl-terminus 
alternatively spiced variants.  However, since the highly variable carboxyl-termini of 
both G3PDH and SERCA were excluded from analysis, these sequences were not treated 
as splice variants. 
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 No sequences generated in this study were considered short or identical, but a few 
allelic forms were discovered (Table 4.1).  Multi-form sequences were initially identified 
while generating contigs.  Individual clone sequences that displayed distinct nucleotide 
patterns were completely sequenced and translated for comparison.  A few sequences 
displayed distinct nucleotide patterns along the length of the gene but when translated 
showed few amino acid differences.  When amino acid sequences differed by less than 
1.5% across the entire sequence they were considered alleles. 
Table 4.1:  Allelic Forms 
Gene Group Pair # Differences % Difference 
SERCA Ctenophora M. mccradyi I-II 3 AA 0.44 % 
SERCA Chordata, Urochordata M. occidentalis I-II 6 AA 0.90 % 
SERCA Echinodermata, Ophiuroidea O. angulata I-II 10 AA 1.50 % 
SERCA Annelida, Polychaeta Pectinaria gouldi I-IV 8 AA 1.20 % 
G3PDH Chordata, Cephalochordata B. floridae I-II 2 AA 0.61 % 
G3PDH Annelida, Polychaeta Pectinaria gouldi I-II 2 AA 0.60 % 
G3PDH Annelida, Polychaeta S. melanostigma I-II 4 AA 1.21 % 
These forms showed distinct nucleotide patterns but differed by less than 1.5% in amino acid sequence.  These sequences were 
considered alleles.  The first allelic form listed was retained for further analyses. 
 
 All remaining variant types comprise two categories: gene duplications (i.e. paralogs 
and co-orthologs) and alternatively spliced forms (i.e. size and type variants).  Both gene 
duplication and alternative splicing enhance the genetic complexity of organisms and 
may provide an impetus for rapid taxonomic diversification.  As such, these gene forms 
should be investigated for phylogenetically relevant information. 
Paralogs 
 Paralogs were identified among both genes (Table 4.2).  Several dozen secretory Ca2+ 
ATPase pump sequences were collected with the SERCA data.  The antiquity of the 
divergence of this gene and SERCA is indicated by the fact that all secretory ATPase 
pump sequences formed a clade that was the sister group to the entire SERCA sequence 
clade during preliminary analyses.  Only one other paralog type appeared within the 
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SERCA clade.  Dugesia dorotocephala and Schistosoma mansoni (Platyhelminthes) each 
display a paralogous form of SERCA.  These two sequences grouped together near the 
metazoan base. 
 Two distinct G3PDH paralogs were identified in the Arthropoda genus Drosophila.  
Both forms grouped separately near the metazoan base.  A unique G3PDH paralog of the 
flatworm S. japonicum also grouped near the metazoan base.  Another distinct G3PDH 
paralog was found in N. vectensis and was also positioned near the metazoan base.  Since 
Cnidaria normal groups near the metazoan base, the paralogous form was distinguished 
by a very long, branch and topological destabilization.  A mollusc specific paralogous 
group was identified for G3PDH but was not recovered for all species.  This paralog 
occurred among the bivalves, Corbicula fluminea, Carditamera floridana, Donax 
variabilis and the gastropod, Lottia gigantea.  Both forms are found for C. fluminea and 
L. gigantea; however, only the paralogous form was identified for C. floridana and D. 
variabilis.  The paralogous molluscan clade was usually positioned within Bilateria but 
was always distantly removed from other molluscs and lophotrochozoans. 
Table 4.2:  Paralogs 
Gene Group Pair # Differences % Difference 
SERCA Platyhelminthes Paralog D. dorotocephala I-II 202 AA 29.53 % 
SERCA Platyhelminthes Paralog S. mansoni AAC72756 to AAA96714 197 AA 28.38 % 
G3PDH Drosophila Paralog 1 D. pseudoobscura XP_001360397 to XP_001358732 248 AA 66.67 % 
G3PDH Drosophila Paralog 1 D. melanogaster NP_476567 to AAR82795 251 AA 63.71 % 
G3PDH Drosophila Paralog 2 D. pseudoobscura XP_001360397 to AAB02947 166 AA 50.46 % 
G3PDH Drosophila Paralog 2 D. melanogaster  NP 476567 to AAL90169 161 AA 48.94 % 
G3PDH Nematostella Paralog N. vectensis JGI-156868 to JGI-240847 199 AA 59.94 % 
G3PDH S. japonicum Paralog S. japonicum AAW27117 to AAW27631 225 AA 64.66 % 
G3PDH Mollusca Paralog L. gigantea JGI-94037 to JGI-164484 133 AA 40.30 % 
G3PDH Mollusca Paralog C. fluminea I-II 141 AA 42.22 % 
Several paralogous forms were identified for both G3PDH and SERCA.  These forms were distinguished 
by numerous amino acids differences across the entire gene.  Paralogs were primarily identified by 
phylogenetic positions that were distantly removed from other members of their clade.  Secretory Ca2+ 
ATPase pump is considered a distinct gene and is not presented here.  The first sequences listed in the 
pairwise comparisons are the orthologous forms.  JGI = Join Genome Institute derived sequences.  All 
other sequences with accession numbers were obtained from GenBank.  When paralogous forms differed in 
length the greatest length was used to determine percent difference. 
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Co-orthologs 
 Co-orthologs were identified as closely related sets of conspecific sequences 
possessing numerous amino acid differences (>1.5%) along the entire gene.  Co-
orthologs either group directly [i.e. (Out((A1+A2)((B1+B2)+(C1+C2)))] or form parallel 
clades among the organisms that share them [i.e. (Out(A1(B1+C1))+(A2(B2+C2)))].  The 
close phylogenetic relation is interpreted as evidence that the duplication creating the co-
orthologs was evolutionarily recent or highly conserved (Sonnhammer and Koonin, 
2002).  The choice of one co-orthologous sequence over another did not seem to make 
any major difference to the overall topology of the tree.  To better equalize substitution 
rates among taxa, the shortest branched co-orthologous copies were always chosen.  
Before delving into the relations among the various co-orthologs and splice variants 
investigated in this analysis, a brief note explaining vertebrate sequence diversity needs 
to be given. 
 Vertebrates are characterized by high genetic complexity involving several gene 
duplication events and extensive use of alternative splicing (Chen et al., 2002; Furlong 
and Holland, 2004; Hoegg et al., 2004; Holland and Garcia-Fernandez, 1996; Holland, 
1998; Iwabe et al., 1996; Martin et al., 2002; Ohno, 1970; Page and Cotton, 2002; 
Periasamy and Kalyanasundaram, 2007; Taylor et al., 2001; Volff, 2005).  The SERCA 
and G3PDH vertebrate isoforms (co-orthologs and alternative splice variants) that were 
obtained from databases for this study were far too numerous to give a complete account.  
These sequences actually out numbered the remaining metazoan sequences combined.  
Moreover, most variant forms seemed to represent isolated events.  However, a few 
general phylogenetically relevant patterns did emerge from the analyses of these forms. 
 73 
 Three sets of vertebrate SERCA co-orthologs (SERCA1, 2 and 3) and two sets of 
G3PDH co-orthologs (G3PDH and G3PDH-Like) were identified.  For both genes, co-
orthologous forms generated parallel clades, each displaying typical vertebrate topology.  
The SERCA3 clade formed the sister group to a clade comprising SERCA1 and 
SERCA2.  The SERCA3 clade displayed noticeably longer branch lengths than the 
SERCA1 and SERCA 2 clades and was discarded for this reason.  The choice of 
SERCA2 as the closest match to invertebrate SERCA sequences was determined by 
genome project similarity searches and the ubiquitous tissue expression of this form.  
Similarly, G3PDH was chosen over G3PDH-Like as the closest match to invertebrate 
G3PDH by performing genome similarity searches and examining clade branch lengths.  
Subsequent duplicate forms and splice variants were scattered among all these co-
ortholog lineages.  However, variants were most numerous among the alternate forms of 
these genes (i.e. SERCA 1, 3 and G3PDH-Like).  Almost all of these isoforms were 
unique or were erratically dispersed and provided little phylogenetic information.   
 Co-orthologs and splice variants were also discovered among other metazoan groups 
(Table 4.3).  Three SERCA copies were sequenced for Aplidium californicum.  An 
additional two SERCA copies were obtained from the genome sequencing project of 
Ciona intestinalis.  These copies comprised a highly supported but mixed monophyletic 
clade among the urochordates.  The closest matching ortholog was determined by a 
similarity search of the C. intestinalis genome.  This copy and the A. californicum copy 
with which it most closely grouped were retained for further analyses.  Pairs of closely 
grouping SERCA co-orthologs were sequenced for Limulus polyphemus, Dolomedes 
tenebrosus (Arthropoda, Euchelicerata); Pectinatella magnifica (Ectoprocta, 
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Phylactolaemata); Xiphinema index (Nematoda, Adenophorea); Philodina sp. (Rotifera, 
Bdelloidea); Lumbriculus variegatus, and Lumbricus terrestris (Annelida, Oligochaeta). 
 Closely grouping pairs of G3PDH co-orthologs were found for L. polyphemus 
(Arthropoda, Euchelicerata); L. variegatus, L. terrestris (Annelida, Oligochaeta); C. 
elegans, C. briggsae (Nematoda, Secernentea); Cryptococcus neoformans and 
Neosartorya fischeri (Fungi, Basidiomycota and Ascomycota).  The longer-branched 
G3PDH copies for C. elegans and C. briggsae comprised a parallel clade to the shorter-
branch sequences for these species.  The fungal copies were of nearly equal length and 
grouped directly; C. neoformans I and II formed the sister to N. fischeri I and II. 
Table 4.3:  Co-orthologous Sequences 
Gene Group Pair # Differences % Differences 
SERCA Urochordata Co-ortholog A. californicum I-II 91 AA 13.66 % 
SERCA Urochordata Co-ortholog A. californicum I-III 107 AA 16.04 % 
SERCA Urochordata Co-ortholog A. californicum II-III 110 AA 16.49 % 
SERCA Urochordata Co-ortholog C. intestinalis JGI-207981 to JGI-250190 71 AA  
SERCA Euchelicerata Co-
ortholog 
L. polyphemus IL-II 70 AA 10.46 % 
SERCA Euchelicerata Co-
ortholog 
D. tenebrosus I-II 115 AA 17.19 % 
SERCA Xiphinema Co-ortholog X. index II-I 134 AA 19.94 % 
SERCA Pectinatella Co-ortholog P. magnifica I-II 109 AA 16.24 % 
SERCA Philodina Co-ortholog Philodina sp. II (III, IV, V) – I* 52 (77, 70, 69) AA 
Avg. = 67 
7.70 % (11.41, 10.37, 
10.22) Avg.= 9.93 % 
SERCA Oligochaeta Co-ortholog L. variegatus II-I 52 AA 7.77 % 
SERCA Oligochaeta Co-ortholog L. variegatus II-VI 69 AA 10.31 % 
SERCA Oligochaeta Co-ortholog L. variegatus II-(III, IV, V)* (28,25,25) AA (Avg. 
= 26) 
(4.19, 3.74, 3.74 %) 
Avg. =  3.89 % 
SERCA Oligochaeta Co-ortholog L. terrestris VI-IV** 144 AA 21.52 % 
SERCA Oligochaeta Co-ortholog L. terrestris VI-III 91 AA 13.60 % 
SERCA Oligochaeta Co-ortholog L. terrestris VI-V 63 AA 9.42 % 
G3PDH Limulus Co-ortholog L. polyphemus II-I 37 AA 11.25 % 
G3PDH Caenorhabditis Co-
ortholog 
C. elegans I (CAE65098) – II 
(CAE71830) 
154 AA 45.83 % 
G3PDH Caenorhabditis Co-
ortholog 
C. briggsae I (NP 499188) – II 
(CAE65098) 
149 AA 44.48 % 
G3PDH Oligochaeta Co-ortholog L. variegatus II-I 105 AA 31.82 % 
G3PDH Oligochaeta Co-ortholog L. terrestris I-II 7 AA 2.12 % 
G3PDH Fungal Co-ortholog C. neoformans I-II 170 AA 43.14 % 
G3PDH Fungal Co-ortholog N. fischeri I-II 152 AA 45.92 % 
Several co-orthologous forms were identified for both G3PDH and SERCA.  These forms possessed gene 
wide amino acids differences.  Co-orthologs were primarily identified by close phylogenetic grouping with 
each other and other members of their clade.  The first sequences listed in the pairwise comparisons are the 
forms that were retained.  JGI = Joint Genome Institute sequences.  When co-orthologs differed in length, 
the greatest length was used to determine percent differences.  *Philodina sp. and L. variegatus further 
possessed alternatively spliced forms in one co-orthologous copy.  ** L. terrestris type IV was divergent, 
often grouping away from other oligochaete sequences.  This form could be considered a paralog. 
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Alternatively Spliced Variants 
 Alternatively spliced size variant sequences were discovered for both genes (Table 
4.4).  Gaps and insertions were defined by presence or absence of a region when 
compared to the majority of sequences.  Five gapped SERCA sequences were identified 
among Emerita talpoida (2 gapped forms), Lepisma saccharina, Limulus polyphemus 
(Arthropoda) and Synaptula hydriformis (Echinodermata).  Brachionus plicatilis 
(Rotifera) and Aplidium californicum (Chordata, Urochordata) each display a single 
uniquely gapped form.  Three taxonomic groups display inserted G3PDH forms that may 
be shared: 1. Terebratalia transversa, Glottidia pyramidata (Brachiopoda), Phoronis 
vancouverensis, and Phoronis psammophila (Phoronida); 2. Phascolion sp. + 
Phascolopsis gouldi (Sipuncula); 3. Pectinaria gouldi, + Chaetopterus variopedatus 
(Annelida, Polychaeta).  The inserts occurring within any one of these three groups were 
roughly comparable in size, position or composition.  However, the inserts differ in all 
aspects among the groups.  Moreover, several of the sipunculids and polychaetes further 
display type variants as well as the size variations.  Neolineus sp. (Nemertea) and 
Branchiostoma floridae (Chordata, Cephalochordata) each display a single uniquely 
inserted G3PDH sequence. 
 Several alternatively spliced type variants were also detected (Table 4.4 and Figures 
4.2 - 4.5).  These forms are identical across most of the gene but differ greatly in amino 
acid sequence within small regions.  Several unique SERCA type variants occur among 
Podarke obscura (2), Pectinaria gouldi (3), Lumbriculus variegatus (3), Lumbricus 
terrestris (3) (Annelida)  and Philodina sp. (4) (Rotifera).  The relationships among the 
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three and four form variants are complex (Figures 4.2 - 4.5).  Although three type 
variants occur in both L. terrestris and L. variegatus (Annelida, Oligochaeta), there is no 
clear orthology among these forms between these species.  Podarke obscura, 
Chaetopterus variopedatus (Annelida, Polychaeta) and Phascolion sp. (Sipuncula) each 
display a pair of G3PDH type variants that are similar in position, size, and composition. 
Table 4.4:  Alternatively Spliced Forms 
Gene Pair Category # Differences D. melanogaster Positions 
SERCA L. saccharina L-SS Gap 567 AA AA 143-710 causes frame shift 
SERCA L. saccharina L-S Gap 484 AA AA 125-609 
SERCA L. polyphemus IL-IS Gap 438 AA AA 125-563 
SERCA E. talpoida L-S Gap 385 AA AA 396-781 causes frame shift 
SERCA S. hydriformis L-S Gap 540 AA AA 253-793 causes frame shift 
SERCA P. obscura I-II Type 19 AA AA 366-394 
G3PDH A. californicum L-S Gap 12 AA AA 333-344 
G3PDH B. plicatilis L-S Gap 54 AA AA 140-193 
G3PDH Neolineus sp. S-L Insert 12 AA AA 121-122 
G3PDH B. floridae S-L Insert 11 AA AA 245-246 
G3PDH G. pyramidata S-L Insert 40 AA AA 206-207 
G3PDH T. transversa S-L Insert 35 AA AA 206-207 
G3PDH P. psammophila S-L Insert 36 AA AA 206-207 
G3PDH P. vancouverensis S-L Insert 35 AA AA 206-207 
G3PDH Phascolopsis gouldi S-L Insert 6 AA AA 318-319 
G3PDH Phascolion sp. IS-IL Insert 8 AA AA 318-319 
G3PDH C. variopedatus IIS-IIL Insert 12 AA AA 245-246 
G3PDH Pectinaria gouldi Shorts-Longs (I&II) Insert 4 AA AA 245-246 
G3PDH P. obscura I-II Type 13 AA AA 209-246 
G3PDH Phascolion sp. IS-II Type 18 AA AA 208-248 
G3PDH C. variopedatus I-IIS Type 24 AA AA 207-248 
Several alternatively spliced forms were identified for both G3PDH and SERCA.  These forms were 
distinguished by the presence of a contiguous insert, gap, or distinct region.  The first sequences listed in 
the pairwise comparisons are the forms that were retained.  L, S and SS (long, short and super-short) do not 
refer to inserts and gaps and are only used to distinguish the relative sizes of splice variant sets.  Some taxa 
displayed both size and type variants but these were never mixed. 
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Figure 4.2:  Alternatively Spliced SERCA Variants of Pectinaria gouldi (Annelida, Polychaeta) 
 
Regions are denoted by amino acid positions for D. melanogaster (Acc# AAB00735) Region 1 = AA 234-
261; 2 = AA 366-395; 3 = AA 516-552.  Amino acid differences in these regions are: A1-B1 = 11 AA; A2-
B2 = 16 AA; A3-B3 = 12 AA.  Pectinaria gouldi type I most closely matched other SERCA types and was 
retained for further analyses. 
 
Figure 4.3:  Alternatively Spliced SERCA Variants of L. terrestris (Annelida, Oligochaeta) 
 
Regions are denoted by amino acid positions for D. melanogaster (Acc# AAB00735) Region 1 = AA 125-
202; 2 = AA 241-484; 3 = AA 533-793.  Amino acid differences in these regions are: A1-B1 = 8 AA; A2-
B2 = 3 AA; A3-B3 = 2AA.  Lumbricus terrestris type VI most closely matched other SERCA types and 
was retained for further analyses. 
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Figure 4.4:  Alternatively Spliced SERCA Variants of L. variegatus (Annelida, Oligochaeta) 
 
Regions are denoted by amino acid positions for D. melanogaster (Acc# AAB00735) Region 1 = AA 147-
199; 2 = AA 228-389; 3 = AA 424-575; 4 = AA 618-782.  Amino acid differences in these regions are: A1-
B1 = 0 AA; A2-B2 = 5 AA; A3-B3 = 3 AA; A4-B4 = 5 AA.  Lumbricus variegatus type II most closely 
matched other SERCA types and was retained for further analyses. 
 
Figure 4.5:  Alternatively Spliced SERCA Variants of Philodina sp. (Rotifera, Bdelloidea) 
 
Regions are denoted by amino acid positions for D. melanogaster (Acc# AAB00735) Region 1 = AA 161-
434; 2 = AA 455-625; 3 = AA 630-775.  Amino acid differences in these regions are: A1-B1 = 11 AA; A2-
B2 = 36 AA; A3-B3 = 4 AA.  Philodina sp.  type II most closely matched other SERCA types and was 
retained for further analyses. 
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Figure 4.6:  SERCA Multi-form Sequences 
 
Five short gapped variants for SERCA were not used.  Except for the gapped regions, these five sequences 
are nearly identical to the full length forms.  This amino acid NJ tree was generated in MEGA4 under the 
Poisson-model.  The multi-forms cause destabilization, and this tree should not be used to assess taxonomic 
phylogenetic relations.  Many clades are collapsed to improve readability. Support = % Bootstrap. 
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Figure 4.7:  G3PDH Multi-form Sequences 
 
The short gapped variant for B. plicatilis was not used.  Except for the gapped region, this sequence is 
nearly identical to the full length form.  This amino acid NJ tree was made in MEGA4 under the Poisson-
model.  The multi-forms cause clade destabilization, and this tree should not be used to assess phylogenetic 
relations.  Many clades are collapsed to improve readability. Support = % Bootstrap. 
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Phylogenetic Analyses 
Analysis Parameters 
 The nine retention criteria were employed to reduce the datasets to manageable 
collections of similarly sized orthologs.  The SERCA and G3PDH orthologous datasets 
were then phylogenetically analyzed in conjunction with comparable SSU data.  Subsets 
were created for relevant taxonomic categories: 1. All, 2. Bilateria, 3. Deuterostomia, 4. 
Arthropoda and 5. Lophotrochozoa.  For each subset, the following gene combinations 
were examined: 1. G3PDH, 2. SERCA, 3. SSU, 4. G3PDH + SERCA, 5. G3PDH + SSU, 
6. SERCA + SSU and 7. SERCA + G3PDH + SSU (a.k.a. total combined dataset) (Table 
4.5). 
Table 4.5:  Dataset Sizes 
Clade/Set SERCA G3PDH SSU SERCA + 
G3PDH 
SERCA + 
SSU 
G3PDH + 
SSU 
SERCA + 
G3PDH + SSU 
All        
Bilateria 71 / 1316 66 / 652 83 / 1456 58 / 1972 71 / 2777 66 / 2145 58 / 3469 
Deuterostomia 23 / 1328 20 / 656 25 / 1607 20 / 1984 29 / 2935 20 / 2266 20 / 3594 
Arthropoda 20 / 1330 16 / 656 22 / 1595 14 / 1990 20 / 2927 15 / 2264 14 / 3599 
Lophotrochozoa 30 / 1326 35 / 652 38 / 1546 28 / 1980 30 / 2876 35 / 2226 28 / 3558 
Dataset sizes are given as number of taxa / number of base pairs in set.  All third codon position sites, 
unalignable regions and sites containing indels were removed prior to calculations. 
  
 MrModelTest was used to estimate the best model of nucleotide substitution for each 
category and combination.  The general time reversible model plus invariant sites plus 
gamma correction (GTR+I+Γ) was selected as the best fit for all data combinations 
according to the Akaike Information Criterion (AIC) of model selection.  The general 
time reversible model utilizes six substitution rate categories (one for each reversible 
substitution category) and allows unequal nucleotide frequencies.  The GTR+I+Γ model 
is the most general nucleotide substitution model investigated with MrModelTest, and its 
selection is indicative of high complexity among the data (reviewed in Felsenstein, 2004). 
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 Bayesian analyses were conducted by Michael S. Robeson II with MrBayes 3.1.1 on a 
Macintosh Quad Cluster in the lab of Andrew Martin at the University of Colorado 
Boulder.  The GTR+I+Γ nucleotide substitution model was used to determine likelihood 
scores.  Invariant site proportions, nucleotide frequencies, and gamma distribution alpha 
values were allowed to vary and were estimated from the datasets during the analyses.  
All prior probabilities were given flat Dirichlet distributions (all values set to 1.0).  
Combined datasets were partitioned by gene, and parameters were allowed to vary 
independently for each partition.  Single gene sets were run for two million generations, 
while multi-gene sets were run for three million generations to ensure stationarity.  
Posterior probabilities were sampled every 100 generations with a relative burnin of 25%.  
Two independent analyses, each employing three heated and one cold Metropolis 
Coupled Markov chain, were performed per set.  Heated chain temperatures were left at 
0.2 (default) for single gene analyses but were lowered to 0.15 for multi-gene analyses to 
improve chain swapping.  A relative burnin value of 25% was used for parameter and tree 
estimate summations to ensure stationarity of posterior probability values in the larger 
datasets.  Consensus tree nodes with posterior probabilities ≥ 95% were considered 
supported, while those with values ≥ 97% were highly supported.  
 Maximum likelihood analyses were performed with PhyML for Windows™ 
operating systems.  One hundred nonparametric bootstrap replicates were examined to 
determine nodal support.  The GTR+I+Γ model of nucleotide substitution was used to 
determine likelihood scores.  Nucleotide frequencies, proportions of invariant sites and 
gamma distribution alpha parameters were estimated by PhyML during the phylogenetic 
analyses.  Unlike MrBayes, PhyML does not allow data partitioning by gene and multi-
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gene sets had to be treated as a single unit for parameter estimation.  Each analysis used a 
BIONJ starting tree.  Consensus trees nodes with bootstrap values ≥ 50% were 
considered supported, while those with values ≥ 70% were highly supported. 
 Neighbor joining analyses were performed with MEGA4.  Five hundred 
nonparametric bootstrap replicates were examined to estimate nodal support.  The 
Tamura-Nei model of nucleotide substitution with gamma correction was used to 
estimate genetic distances.  The Tamura-Nei model is the most general model of 
nucleotide substitution implemented in MEGA 4 that allows the incorporation of a 
gamma distribution.  This model comprises a single transversion rate, but two distinct 
transition rates.  Moreover, different nucleotide frequencies are allowed and are estimated 
from the dataset.  MrModelTest derived alpha values were used for gamma distributions.  
MEGA4 does not allow data partitioning by gene and multi-gene datasets had to be 
treated as a single unit for parameter estimation.  Nodes with bootstrap values ≥ 50% 
were considered supported, while those with values ≥ 70% were highly supported. 
Basic Data Trends 
 The SERCA and SSU datasets were generally comparable in resolution and usually 
produced more highly supported trees than G3PDH.  The SERCA and SSU datasets were 
also similar in gene length and gamma correction values.  These similarities may have 
improved combined analyses of these genes when datasets could not be partitioned.  
Phylogenetic robustness usually improved as more sites were examined, and combined 
datasets were always more robust than single gene datasets.  The SERCA + SSU and 
SERCA + G3PDH + SSU datasets almost always gave the most robust phylogenies. 
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 Both SERCA and G3PDH gave topologies similar to SSU based topologies.  The 
SERCA data produced trees with higher support and better resolution than either SSU or 
G3PDH data.  The G3PDH datasets did not often provide high nodal support when 
analyzed individually, but they did improve support in combined analyses.  Trees in 
SERCA and G3PDH analyses differed in some particulars from SSU analyses.  These 
differences are likely due to gene specific constraints as discussed later. 
 Bayesian analyses had higher support than maximum likelihood and neighbor joining 
analyses.  Maximum likelihood analyses usually outperformed neighbor-joining methods, 
but both types of analysis were largely comparable.  These methods may have performed 
less well than Bayesian analyses because of program limitations with data partitioning.  
Moreover, MEGA4 does not allow invariant sites to be incorporated and employs the 
Tamura-Nei model as its most complex gamma distributed nucleotide substitution model. 
Phylogenies 
Basal Groups 
 The tree topologies of the total taxonomic sets for the various gene combinations 
were similar to those found in SSU studies.  All studies recovered Fungi as an outgroup 
to Metazoa.  The SERCA + SSU dataset had Choanoflagellata as a closer metazoan 
outgroup, rooted between a Ctenophora + Porifera clade and Bilateria + Cnidaria.  
Cnidaria was usually the sister group to Bilateria. .Acoela was the most basally branching 
bilaterian group in SERCA + SSU and SSU analyses.  However, the SERCA Acoela 
sequence was unstable in position.  When only bilaterians were examined, Acoela usually 
grouped with the longest-branched bilaterian group present (Figures 4.8 – 4.10). 
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Figure 4.8:  Metazoan Tree Based on SERCA + G3PDH + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap. 
D* NJ=(Out(C. familiaris(55:B. taurus(H. sapiens, M. musculus)))).  D** NJ=(Out(63:Urochordata( 
(Euchordata+Ambulacraria)+Protostomia))).  D***Bayesian=(Out(Asteroidea(64:Ophiuridae(99 
:Echinoidea+Holothuroidea)))), ML=(Out((58:Asteroidea+Ophiuridea)+(72:Echinoidea+Holothuroidea))), 
NJ=(Out(Holothuroidea(77:Asteroidea(76:Ophiuroidea+Echinoidea)))). E* NJ=(Out(A. mellifera(55 
:Tenebrionidae(49:L. saccharina(66:Lepidoptera+D. melanogaster))))). E** Topology here = ML and NJ; 
Bayes= (97:P. littorale + P. serratus). L* ML=(Out(Eulophotrochozoa(31:Platyzoa+Ecdysozoa))). 
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Figure 4.9:  Metazoan Tree Based on SERCA + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  
D* Mammalian topology variable among methods.  D** NJ = (100:Ophiuroidea+Echinoidea).  E* 
NJ=(Out(98:Lepidoptera+D. melanogaster)+(41:A. mellifera(47:Tenebrionidae+L. saccharina))).  E** 
Topology here = ML and NJ; Bayes=(Out(98:P.argus(58:P. clarkii+E. talpoida))).  E*** 
NJ=(Out(35:Malacostraca+Insecta)).  L* NJ=(Out(Oligochaeta(90:Sipuncula(95: Pectinaria spp.+S. 
vermicularis)))).  L** Topology here = ML and NJ; Bayes=(Out(Chaetopterus sp(53: Hesionidae+Internal 
Annelid Clade))).  L*** ML and NJ= (Ecdysozoa(80/61:Platyzoa+Eulophotrochozoa)).  L****  
Bayes=(Out((50:Nemertea+Annelida)+(75:Ectoprocta(79:Mollusca+Brachiopoda)))), ML=(Out(B. 
neritina(12: Annelida(5: Nemertea(14: Plumatellida(23: Mollusca+Brachiopoda)))))).  
NJ=(Out((36:Nemertea+Ectoprocta)+(27: Annelida(29: Mollusca+Brachiopoda)))). 
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Figure 4.10:  Bilaterian Tree based on SERCA + G3PDH + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  
D* NJ=(Out(C. familiaris(52: B. taurus(H. sapiens+M. musculus)))).  D** NJ=(Out(Holothuroidea(76: 
Asteroidea(79: Ophiuroidea+Echinoidea)))).  E* NJ=(Out(D. pulex(54: Malacostraca(52: 
Hypogastruridae(99: A. mellifera(37: (53: D. melanogaster+Lepidoptera)+(34: Tenebrionidae+L. 
saccharina))))))).  E** Topology here = ML and NJ; Bayes=(L. polyphemus(57: P. 
littorale+Polydesmidae)).  L* NJ=(Ecdysozoa(91: Eulophotrochozoa+Platyzoa)).  L** 
NJ=(Out(Nemertea(34: Annelida(67: Mollusca+Brachiopoda)))). 
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Deuterostomia 
 Deuterostome relationships were generally well supported (Figure 4.11 and Table 
4.6).  However, when non-bilaterian outgroups were included, bilaterian rooting took 
place between the urochordates and the remaining deuterostomes in both G3PDH and 
SSU trees.  Moreover, the chordates and ambulacrarians formed distant clades in SERCA 
analyses.  This occurrence did not seem to be a rooting problem and had an effect on all 
analyses that included SERCA sequences.  However, the statistical support for this 
phenomenon was weak and usually resulted in a polytomy comprising the two 
deuterostome groups and Protostomia. 
 In analyses not using non-bilaterian outgroups, Chordata was not recovered, or was 
recovered with very weak support in most G3PDH and SSU analyses.  The SSU analysis 
resulted in a highly supported Euchordata (Vertebrata + Cephalochordata), but the 
urochordates grouped weakly with the ambulacrarians.  The opposite problem was seen 
to a lesser or greater extent with SERCA and G3PDH.  These genes recovered strong 
Vertebrata + Urochordata clades but had lower support for a relation between this clade 
and Cephalochordata.  Only the SERCA + SSU and the total combined datasets gave 
high nodal support for both Chordata and Euchordata (Vertebrata + Cephalochordata).  
The most common internal urochordate topology was a strongly supported (Out(Molgula 
spp.(Aplousobranchia+C. intestinalis))).  In datasets containing Halocynthia roretzi, (Out 
((Molgula spp.+H. roretzi)+(Aplousobranchia+C. intestinalis)) was usually recovered.  
 Ambulacraria was well supported by almost all datasets.  However, cephalochordate 
G3PDH and urochordate SSU sequences formed weakly supported sister groups to 
Ambulacraria.  These groupings seemed to produce a destabilizing effect.  No consistent 
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topology could be recovered for the relationships among the classes within 
Echinodermata .  Depending on the method of analysis, different topologies could be 
derived from a single dataset.  However, a few weakly supported trends could be 
discerned.  Asteroidea often formed a sister group to the remaining classes.  Moreover, a 
Holothuroidea + Echinoidea clade (Echinozoa) was recovered several times.  
Ophiuroidea grouped weakly with either Asteroidea or the Echinozoa clade depending on 
the analysis.  However, other echinoderm topologies were recovered, sometimes with 
high support. 
Figure 4.11:  Deuterostomia Tree Based on SERCA + G3PDH + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  
X* Topology here = ML and NJ; Bayes=((86: Chordata+E. talpoida)+(100: Ambulacraria+Amphiporus 
spp.)).  X** NJ=(Out(C. familiaris(44: B. taurus(H. sapiens+M. musculus)))).  X*** 
Bayes=(Out(Asteroidea(69:Ophiuroidea(98:Holothuroidea+Echinoidea)))); 
ML=(Out(69:Asteroidea+Ophiuroidea)(68:Holothuroidea+Echinoidea))); 
NJ=(Out(Holothuroidea(59:Asteroidea(89:Ophiurodea+Echinoidea)))). 
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Table 4.6:  Deuterostome Relationships 
Node/Set SERCA G3PDH SSU SERCA + 
G3PDH 
SERCA + 
SSU 
G3PDH 
+ SSU 
SERCA + 
G3PDH + 
SSU 
Deuterostomia X/X/42 100/42/56 99/88/92 100/72/85 100/100/99 99/95/87 100/99/92 
Chordata 100/80/78 88/40/X X/X/34 100/81/70 100/79/85 X/X/39 100/93/86 
Euchordata X/X/X X/X/X 100/93/83 X/X/X 100/72/74 99/63/56 96/62/45 
Urochordata 
All=100 or 99 
(M(H(A+C)) 
    ↑ 
Weak Node 
(M(A+C)) ((M+H)(A+C)) (M(A+C)) ((M+H)(A+C)) (M(A+C)) (M(A+C)) 
Ambulacraria 100/99/99 100/73/64 100/95/39 100/100/99 100/100/99 100/92/69 100/100/99 
Echinodermata 100/98/88 97/64/67 100/100/99 100/98/93 100/100/100 100/100/100 100/100/100 
Internal 
Echinodermata 
Bayesian 
(A,O(H+E)) (A,O(H+E)) (A,O,H,E) (A,O(H+E)) (A(O,H,E)) (H(A(O+E)) (A,O(H+E)) 
Internal 
Echinodermata 
ML 
(A(O(H+E)) 
     ↑ 
Weak Node 
(A,O(H+E)) 
             ↑ 
Weak Node 
(A,O,H,E) (A+O)(H+E) 
      ↑ 
Weak Node 
(A(O,H,E)) (H(A(O+E)) (A+O)(H+E) 
 
Internal 
Echinodermata 
NJ 
(A(O,H,E)) 
          ↑ 
Weak Node 
(H(E(A+O))) 
       ↑ 
Weak Node 
(A(H(O+E))) 
 
(A+O)(H+E) 
                ↑ 
Weak Node 
(A(H(O+E))) (H(A(O+E)) (A+O)(H+E) 
 
Support values = Bayesian Posterior Probabilities/ML % Bootstrap/ NJ % Bootstrap.  X = Node not 
Present.  Italicized values are unsupported.  Tree topologies are rooted on the left, and the use of a comma 
denotes a collapsed branch.  Urochordata: A = Aplousobranchia, C = Ciona intestinalis, H = Halocynthia 
roretzi, M = Molgula spp.  Echinodermata: A = Asteroidea, E = Echinoidea, H = Holothuroidea, O = 
Ophiuroidea.  Deuterostomia = Chordata + Ambulacraria; Chordata = Euchordata + Urochordata; 
Euchordata = Vertebrata + Cephalochordata; Ambulacraria = Hemichordata + Echinodermata. 
 
 
Ecdysozoa 
 Ecdysozoan relationships were also generally well supported (Figure 4.12 – 4.13 
and Table 4.7).  Only the G3PDH and G3PDH + SSU datasets failed to recover a close 
relation between Nematoda and Arthropoda.  No short-branch nematodes (e.g. X. index) 
were sequenced for G3PDH, and the only available nematode sequences were for the 
long-branched Caenorhabditis (Nematoda) species.  The G3PDH Caenorhabditis 
sequences frequently grouped with Euplatyhelminthes, which usually contained the next 
longest branch sequences.  Nematoda formed a sister group to Tardigrada + Arthropoda 
for the SERCA and SERCA + SSU datasets (Figure 4.9). 
Within Arthropoda, Pancrustacea found high support in almost all analyses, but 
Hexapoda was less well supported.  Although Insecta found almost ubiquitous support, 
Collembola almost always grouped away from the remaining hexapods and usually 
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branched as the sister group to a Malacostraca + Insecta clade.  There was also a weaker 
tendency for Collembola to form a sister group to Branchiopoda.  Long-branch attraction 
does not seem to be the cause of this phenomenon.  Although a monophyletic Myriapoda 
(Chilopoda + Diplopoda) was not supported by the SERCA dataset, both the SSU and 
SERCA + SSU analyses found high support for this clade.  A monophyletic Chelicerata 
was recovered in most analyses and lacked support only for the SERCA and SERCA + 
G3PDH sets.  Moreover, both of these datasets poorly resolved the relations among the 
basal arthropod groups.  Euchelicerata (Arachnida + Merostomata) found very strong 
support among analyses of all datasets containing both spider and horseshoe crab 
sequences.  There was slightly higher support for Mandibulata than for Paradoxopoda, 
but the exact position of Myriapoda among the Pancrustacea and Chelicerata clades 
remained largely unresolved. 
Figure 4.12:  Arthropoda Tree Based on SERCA + G3PDH + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  
X* ML=(Out(48:Malacostraca(33:Hypogastruridae+Insecta))).  X** 
NJ=(Out(38:Polydesmidae+Chelicerata)). 
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Figure 4.13:  Arthropoda Tree Based on SERCA + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ %Bootstrap.  
X* NJ=(Out(44:A. mellifera+Tenebrionidae)+(D. melanogaster+Lepidoptera))). 
 
Table 4.7:  Ecdysozoan Relationships 
Node/Set SERCA G3PDH SSU SERCA + 
G3PDH 
SERCA + 
SSU 
G3PDH + 
SSU 
SERCA + 
G3PDH + SSU 
Ecdysozoa 99/35/59* X/X/X 100/80/91 100/80/91 100/94/80 98/26/49 100/88/87 
Panarthropoda 100/82/67  NA X/X/34 NA X/X/62 NA NA 
Hexapoda X/X/41  X/X/X X/X/X X/X/82  X/X/X X/X/X X/33/X 
Insecta 100/96/89  94/32/28 97/47/49 100/92/70 100/100/97 100/82/62 100/100/98 
Pancrustacea 100/100/94 X/X/21 100/81/45 100/100/99 100/100/100 100/90/92 100/100/100 
Chelicerata X/X/X 97/61/60 100/96/78 X/X/X 99/71/56 100/93/92 81/64/69 
Euchelicerata 88,/77/58 NA 100/96/98 NA 100/97/97 NA NA 
Myriapoda 96/X/X NA 90/65/40 NA 100/85/71  NA NA 
Mandibulata 95/X/X X/18/18 X/X/X X/X/X 100/76/36 X/X/X  75/48/X  
Paradoxopoda X/X/X  X/X/X X/X/X  X/X/X X/X/X 97/60/55 X/X/38 
Support values = Bayesian Posterior Probabilities/ML % Bootstrap/ NJ % Bootstrap.  X = Node not 
Present.  NA = Insufficient taxa for testing hypothesis.  Italicized values are unsupported.  Topologies are 
rooted on the left, and the use of a comma denotes a collapsed branch.  Ecdysozoa = Panarthropoda 
Tardigrada + Nematoda; Hexapoda = Insecta + Entognatha (Collembola); Pancrustacea = Crustacea + 
Hexapoda; Chelicerata = Euchelicerata + Pycnogonida; Euchelicerata = Merostomata + Arachnida; 
Myriapoda = Chilopoda + Diplopoda (Pauropoda and Symphyla not included in this study); Mandibulata = 
Myriapoda + Pancrustacea; Paradoxopoda = Myriapoda + (Eu)Chelicerata. 
* NJ = (Out(Panarthropoda(49:Rotifera+Nematoda)))  
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Lophotrochozoa 
 Lophotrochozoan relationships were among the most weakly supported of the 
three major bilaterian clades (Figures 4.14 - 4.16 and Tables 4.8 and 4.9).  Analyses of 
datasets containing SERCA sequences often placed Platyzoa (or only Rotifera) as a 
weakly supported sister group to Ecdysozoa.  It is uncertain if this grouping is caused by 
long-branch attraction.  Platyzoan sequences were some of the longest-branched SERCA 
sequences; however, it should be noted that no SERCA sequences were particularly long-
branched.  A visual inspection of the amino acid alignment revealed several short regions 
where Rotifera sequences differed from the sequences of all other taxa in the dataset.  In 
the G3PDH dataset analyses, the long-branched Caenorhabditis (Nematoda) sequences 
usually grouped with Euplatyhelminthes instead of Arthropods.  These attraction 
problems produced low support for Platyzoa, which seemed to be the primary reason for 
the overall low support for Lophotrochozoa. 
Eulophotrochozoa found much higher support, but internal relations were not 
often well resolved.  Almost all datasets containing G3PDH had less well supported 
Eulophotrochozoa nodes than those containing only SERCA and SSU.  Only in the total 
combined dataset did G3PDH seem to add resolution to eulophotrochozoan relations. 
Euplatyhelminthes found high support in almost all analyses.  Relations within 
this group were among the most consistent and highly resolved within Metazoa.  
Catenulida and Rhabditophora formed sister groups.  Within Rhabditophora, Polycladida 
comprised a sister group to Tricladida + Trematoda.  As previously mentioned, Acoela 
sequences were very long-branched and usually grouped with the longest branch in any 
tree.  When Acoela sequences were included in neighbor joining analyses of 
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Lophotrochozoa, they grouped with the outgroup sequences.  In no analysis of any 
dataset did Acoela group with Euplatyhelminthes to form a monophyletic 
Platyhelminthes. 
Very few datasets provided high resolution or support for internal 
eulophotrochozoan nodes.  Only the SERCA + SSU and total combined datasets 
performed strongly among these groups.  Among the eulophotrochozoans the 
SERCA+SSU and total combined datasets supported a basal branching Nemertea.  
Different nemertean positions were recovered in other analyses but were usually only 
very weakly supported. 
The monophyly of Lophophorata could only be tested circuitously.  Brachiopoda 
and Phoronida G3PDH sequences were obtained, but G3PDH could not be sequenced 
from Ectoprocta.  Conversely, SERCA sequences were obtained from Brachiopoda and 
Ectoprocta but not Phoronida.  The SSU dataset contained all three lophophorate phyla 
but only very weakly supported a monophyletic Lophophorata.  Neither the SERCA nor 
G3PDH datasets gave strong support for association among the lophophorate phyla.  
However, when these datasets were combined with SSU data, the statistical support 
increased dramatically.  The position of Lophophorata varied slightly, but there was a 
general tendency to form a sister group to Mollusca.  This clade sometimes formed a 
sister group to Annelida. 
There was overwhelming support for a paraphyletic Polychaeta containing both 
Sipuncula and Oligochaeta.  Only the SSU dataset did not produce a paraphyletic 
Polychaeta.  In analyses of the SSU dataset annelid nodes were very weakly supported 
and the phylum appeared polyphyletic.  The internal topology of Annelida was variable 
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but there was a general trend for Chaetopterus spp. (order Spionida) and Hesionidae 
(order Phyllodocida) to group near the base of a clade comprising Sipuncula, 
Oligochaeta, Sabellida, and Pectinaria spp. (order Terebellida).  The branching patterns 
among the groups of this clade were largely unresolved, and the only consistent grouping 
was an Oligochaeta + Sabellida clade.  Both Oligochaeta and Sipuncula monophyly were 
highly supported (Table 4.9). 
Figure 4.14:  Lophotrochozoan Tree Based on SERCA + G3PDH + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  
X* Topology here = ML and NJ analyses; Bayes=(Out(Chaetopterus spp.(59:Hesionidae+Internal Annelid 
Clade))).  X** NJ =(Out((31:Nemertea+Annelida)+(Mollusca+Branchiopoda))).  X*** 
NJ=(Eulophotrochozoa(55:Rotifera+Euplatyhelminthes)). 
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Figure 4.15:  Lophotrochozoan Tree Based on G3PDH + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  
X* Bayes=(Out((57:Euplatyhelminthes+Nemertea)+(92:Mollusca(87:Annelida(96:Brachiopoda+ 
Phoronida))))), ML=(Out((60:Rotifera+Euplatyhelminthes)+(23:((Bivalvia+Gastropoda)(9:Polyplacophora 
(16:Brachiopoda(4:Annelida(10:Nemertea+Phoronida)))))))),NJ=((82:Rotifera+Euplatyhelminthes)+(59: 
Mollusca(16:Annelida(24:Nemertea(24:Phoronida+Brachiopoda))))). 
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Figure 4.16:  Lophotrochozoa Tree Based on SERCA + SSU Combined Dataset 
 
Topology = Bayesian.  Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  
X*  NJ=(Out((90:Rotifera+Platyhelminthes)+(96:Annelida(43:(82:Mollusca+Nemertea)+(74:Ectoprocta+ 
Brachiopoda))))). 
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Table 4.8:  Lophotrochozoan Relationships 
Node/Set SERCA G3PDH SSU SERCA + 
G3PDH 
SERCA 
+ SSU 
G3PDH 
+ SSU 
SERCA + 
G3PDH + 
SSU 
Lophotrochozoa 100/43/X X/X/X 93*/36*/39 X/X/45 X/X/X 99/23/63 X/X/55 
Eulophotrochozoa 100/74/50 X/X/X X/X/57 100/53/X 100/92/96 X/23/59 100/91/73 
Platyzoa X/X/61 X/X/X 84/51/74 X/X/X X/X/90 X/60/82 X/X/55 
Euplatyhelminthes 94/72/79 X/X/X 100/89/92 100/89/92 100/99/84 100/100/91 100/99/100 
Nemertea + (Other 
eulophotrochozoans) 
X/15/X X/X/X X/X/X X/X/X 100/33/X X/X/X 97/54/X 
Palliophora 68/24/35 X/X/X X/X/X 89/27/X 99/30/X X/X/X 97/54/X 
Lophophorata X/15/X X/X/X X/60/53 NA 99/51/74 96/X/53 NA 
Annelida + Palliophora X/X/X X/X/X X/X/X X/X/X 99/33/X 92/X/X X/X/X 
Annelida + Sipuncula 100/76/63 100/61/51 X/X/X 100/99/98 100/72/52 90/X/50 100/98/97 
Support values = Bayesian Posterior Probabilities/ML % Bootstrap/NJ % Bootstrap.  X = Node not Present.  
NA = Insufficient taxa for testing hypothesis.  Italicized values are unsupported.  Topologies are rooted on 
the left, and the use of a comma denotes a collapsed branch.  Lophotrochozoa = Platyzoa + 
Eulophotrochozoa; Platyzoa = Euplatyhelminthes + Rotifera (other platyzoan phyla not examined here); 
Euplatyhelminthes = Catenulida + Rhabditophora; Palliophora = Lophophorata + Mollusca; Lophophorata 
= Brachiopoda + Phoronida + Ectoprocta (SERCA = Brachiopoda + Ectoprocta, G3PDH = Brachiopoda + 
Phoronida). 
* A very long-branched polychaete, Pectinaria regalis, fell outside of Lophotrochozoa but the remaining 
taxa comprised a monophyletic clade. 
 
Table 4.9:  Annelida and Sipuncula Relationships 
Set/Method Internal Annelida Bayesian Internal Annelida ML Internal Annelida NJ 
SERCA (C((H+Si)+(O(Sa+P))) 
          ↑                ↑ 
          Weak Node 
(C((H+Si)+(O,Sa,P)) 
          ↑            
          Weak Node 
(C((H+Si)+(O,Sa,P)) 
          ↑            
          Weak Node 
G3PDH (P(Si,(C+H)+(Sa+O))) (P(Si,C,H,(Sa+O))) 
   ↑  
          Weak Node 
(Si(P(C,H(Sa+O))) 
    ↑   ↑           ↑ 
          Weak Node 
SSU P     (C,H)     (Sa,Si,O) 
No Support for these Nodes 
P     (C+H)     (O,Si,Sa) 
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No Support for the Other Nodes 
(C,H)     (O,Sa,P,Si) 
No Support for these Nodes 
SERCA+G3PDH (C((H,Si,(P(Sa+O)))) (C,H,Si,(P(Sa+O))) 
                ↑    ↑ 
          Weak Node 
(C((H+Si)+(P,Sa,O))) 
          ↑ 
          Weak Node 
SERCA+SSU (C(H(O(Si,P,Sa)))) (C(H,O,Si(P+Sa))) (C(H,O(Si(P+Sa))))  
   ↑            
          Weak Node 
G3PDH+SSU ((C+H)+(P,O,(Sa+Si)))) 
            ↑             ↑ 
          Weak Node 
((C+H),P,O,Sa,Si) ((C+H),((P+Si),(Sa+O)) 
SERCA+G3PDH+SSU (C(H,(P+Si)+(Sa+O))) 
             ↑            ↑        
          Weak Node 
((C+H)+((P+Si)+(Sa+O)))) 
      ↑              
          Weak Node 
((C+H)+((P+Si)+(Sa+O)))) 
      ↑                          ↑        
          Weak Node 
Tree topologies are rooted on the left.  The use of a comma denotes a collapsed branch.  C = Chaetopterus 
spp. (order Spionida); H = Hesionidae (order Phyllodocida); O = class Oligochaeta; P = Pectinaria spp. 
(order Terebellida); Sa = order Sabellida; Si = Sipuncula (phylum) 
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Chapter Five: Discussion 
Phylogenetic Assessment 
Basic Findings 
 The purpose of this research was to examine new nuclear protein coding genetic 
sequence data for utility in the phylogenetic analysis of deep metazoan relations.  Over 
two hundred forty thousand base-pairs of sequence data were generated for the genes 
SERCA and G3PDH.  One hundred sixty three unique sequences were obtained from 
seventeen phyla across Metazoa.  Several multi-form sequences were discovered and 
investigated for higher level phylogenetic information.  Orthologous sequence data from 
the protein coding genes were used in conjunction with previously sequenced SSU data 
to test a wide variety of metazoan phylogenetic hypotheses. 
 Analyses of SERCA and G3PDH produced topologies largely congruent with 
previously postulated SSU based hypotheses.  Both SERCA and G3PDH analyses 
produced phylogenies that were topologically similar to SSU trees.  The SERCA data 
usually produced higher resolution and statistical support than either SSU or G3PDH.  
Although G3PDH data did not usually produce highly supported nodes when examined 
alone, its addition to other datasets generally improved support and resolution.  Both 
SERCA and G3PDH produced slight topological differences that may be caused by gene 
specific constraints.  Some dataset combinations provided stronger support and resolution 
in taxonomic areas that have been troublesome in earlier SSU analyses (Figure 5.1). 
 100 
Findings for Major Metazoan Groups 
Non-Bilaterians 
 Relationships among the non-bilaterian phyla were not well supported, but the root of 
the metazoan tree usually fell between a Ctenophora + Porifera clade and a Cnidaria + 
Bilateria clade.  This result conflicts with most classic phylogenies (reviewed in Ax, 
1996; Brusca and Brusca, 2003; Nielsen, 1996, 2001)  but is in general agreement with 
several molecular based studies (reviewed in Borchiellini et al., 2001; Medina et al., 
2001; Schmidt-Rhaesa et al., 1998; Wallberg et al., 2006).  Classic phylogenies usually 
place Ctenophora as the sister group to Bilateria.  Possible synapomorphies of this clade 
include acrosome bearing sperm, use of the neurotransmitter acetylcholine and 
endodermally derived muscle tissue (reviewed in Ax, 1996; Ehlers, 1993; Martindale and 
Henry, 1999; Nielsen, 1996, 2001). 
 Almost all SSU studies place Cnidaria (or Cnidaria + Placozoa) as the sister group to 
Bilateria (reviewed and analyzed in Britto da Silva et al., 2007; Kim et al., 1999).  Some 
classic phylogenies, as well as, analyses of SSU data place the cnidarian class Anthozoa 
as the sister group to a clade containing the three medusae bearing cnidarian classes 
(Medusozoa) (Ax, 1996; Bridge et al., 1995; Nielsen, 2001) and not as a highly derived 
class within Cnidaria (Hyman, 1940).  Symmetry is generally radial within Cnidaria, but 
several anthozoans, including N. vectensis, have bilateral symmetry (Ax, 1996; Finnerty 
et al., 2004; Martindale et al., 2002; Martindale and Henry, 1998; Nielsen, 2001; 
Willmer, 1990). 
 Analyses of several cnidarians have revealed a large number of developmental 
patterning genes used by bilaterians, including Hox and ParaHox genes, (e.g.  Bode et 
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al., 1999; Finnerty and Martindale, 1999; Samuel et al., 2001; Wikramanayake et al., 
2003; reviewed in Brooke and Holland, 2003; Collins et al., 2005; Galliot, 2000).  
However, analyses of genome sequences from N. vectensis and the hydrozoan Eleutheria 
dichotoma have revealed that only anterior and posterior class Hox genes are present, and 
although several of the Hox genes are linked, true Hox clusters do not exist within 
Cnidaria (Kamm et al., 2006; Miller and Ball, 2007).  Moreover, although analyses of in 
N. vectensis have demonstrated that Hox and other axial patterning genes are utilized in a 
manner similar to that seen in bilaterians, (Finnerty and Martindale, 1999; Finnerty et al., 
2004) analyses of genetic patterning in other cnidarians have yielded conflicting results 
(reviewed in Collins et al., 2005; Galliot, 2000; Kamm et al., 2006).  The presence of 
these developmental genes may be seen as further evidence of a close relationship 
between Cnidaria and Bilateria.  In contrast, only a single type of Hox gene has been 
found in analyses of Ctenophora, and little is known about the genetics of axial patterning 
in these animals (Finnerty et al., 1996; Martindale et al., 2002). 
 Low non-bilaterian taxonomic sampling may be responsible for the weak nodal 
support in this region of the tree (Wallberg et al., 2006).  Unfortunately, G3PDH data 
could not be obtained from Porifera and Ctenophora, and non-bilaterian branching pattern 
could, thus, not be tested with the total combined dataset.  A single paralogous G3PDH 
sequence was discovered for N. vectensis.  This sequence was not found in any other 
taxon, and its presence is therefore phylogenetically ambiguous. 
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Basic Bilateria 
  With the exceptions of a few phylogenetically unstable taxa, the overall topology of 
Bilateria was similar to that recovered in most earlier SSU studies.  Deuterostomia, 
Ecdysozoa, and Lophotrochozoa were recovered with high support in several analyses 
(Adoutte et al., 2000; Aguinaldo and Lake, 1998; Garey and Schmidt-Rhaesa, 1998; 
Halanych, 2004; Halanych and Passamaneck, 2001; Telford, 2006).  Furthermore, Acoela 
was usually positioned as the sister group to the remaining bilaterians.  However, this 
result should be viewed with caution.  Acoela produced one of the longest branches in 
both SERCA and SSU analyses, and its position was unstable within Metazoa.  When 
distant outgroups were removed Acoela grouped with or within the next longest-branched 
clade in the tree. 
 The basal placement of Acoelomorpha (Acoela + Nemertodermatida) has largely 
been based on molecular phylogenetic analyses, and an absence of morphological 
characters (reviewed in Littlewood and Bray, eds., 2001; Ruiz-Trillo et al., 1999; Telford 
et al., 2003).  However, these organisms usually have extremely long-branched SSU 
sequences.  The determination of the position of Acoelomorpha seems tentative at best 
(reviewed and analyzed in Carranza et al., 1997; Halanych, 2004; Jondelius et al., 2002; 
Ruiz-Trillo et al., 2002; Ruiz-Trillo et al., 2004; Wallberg et al., 2007). 
Deuterostomia 
   The topology of Deuterostomia was similar to that found in most SSU studies (e.g. 
Bromham and Degnan, 1999; Cameron et al., 2000; Mallatt and Winchell, 2007; 
Turbeville et al., 1994; Wada and Satoh, 1994).  However, analyses including SERCA 
data usually failed to recover a monophyletic Deuterostomia.  In SERCA analyses 
 103 
containing non-bilaterian outgroups, the bilaterian root often fell between Chordata and 
Ambulacraria.  When only bilaterians were examined, Chordata grouped weakly with 
Ecdysozoa, while Ambulacraria grouped weakly with Lophotrochozoa.  However, there 
was almost no statistical support for these groupings, and when the unsupported nodes 
were collapsed a polytomy resulted comprising the two protostome clades and the two 
deuterostome clades.  A few SERCA analyses did recover a monophyletic 
Deuterostomia, but with very weak support resulting in the same polytomy.  Similarly, 
the splitting of Chordata from Ambulacraria was also recovered in previously published 
analyses using NKAP (Anderson et al., 2004).  This result has not been found in other 
studies, and it may a particular phenomenon of the cation channel ATPase family. 
 Divergent sequences from Urochordata (SSU) and Cephalochordata (G3PDH and to a 
lesser extent SERCA) destabilized the unification of the chordate subphyla in single gene 
analyses.  However, the monophyly of both Chordata and Euchordata were highly 
supported in all combined analyses.  This result differs from most ribosomal RNA based 
analyses, which usually position Urochordata away from other chordates and have even 
placed this group basal to Deuterostomia and Bilateria (e.g. Blair and Hedges, 2005; 
Bourlat et al., 2006; Swalla et al., 2000; Winchell et al., 2002). 
 Analyses of the internal topology of Urochordata produced high support for an 
Aplousobranchia + Phlebobranchia clade.  This clade formed the sister group to 
Stolidobranchia.  A close relationship between Aplousobranchia and Phlebobranchia has 
been postulated by morphological analyses but all current SSU sequences from 
Aplousobranchia are extremely long branched and unstable in position (reviewed in Zeng 
and Swalla, 2005).  The analyses performed here utilized one of the shortest branched 
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Aplousobranchia SSU sequences and obtained a strongly supported Aplousobranchia + 
Phlebobranchia clade.  Moreover, this clade was highly supported in every analysis, 
including analyses not containing SSU data. 
 A previous analysis of the relations of Aplousobranchia using the mitochondrial gene 
cytochrome oxidase I (COI) also found a strong relationship between Aplousobranchia 
and the Phlebobranchia genus Ciona.  However, the COI analysis also recovered a 
polyphyletic Phlebobranchia, with most Phlebobranchia species grouping closer to the 
base of Urochordata (Turon and Lopez-Legentil, 2004).  This result has not been 
recovered in ribosomal RNA based studies (e.g. Swalla et al., 2000; Zeng and Swalla, 
2005) but could not be tested here without further taxonomic sampling. 
 Taxonomic sampling was low within Vertebrata.  However, classic topologies were 
often recovered for the taxa that were included (reviewed in Hickman et al., 1993; 
Mallatt and Winchell, 2007).  Osteichthyes almost always formed the sister group to 
Tetrapoda (Amphibia + Amniota). 
   Ambulacraria (Halanych, 1995) was one of the most highly supported clades in 
Metazoa.  Similar results have been recovered in almost all molecular analyses including 
both Hemichordata and Echinodermata (e.g. Bromham and Degnan, 1999; Cameron et 
al., 2000; Mallatt and Winchell, 2007; Turbeville et al., 1994; Wada and Satoh, 1994).  
Similarities between the larvae of Echinodermata and Hemichordata were first noted by 
Metschnikoff (1881) who proposed a close relationship of these two phyla..  However, 
most classic phylogenies have postulated a closer relationship between Chordata and 
Hemichordata.  This relationship was based on the presence of pharyngeal gill slits and 
the proposed homology between the dorsal nerve chords and supporting structures 
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(stomatochord in Hemichordata and notochord in Chordata) of these phyla (Ax, 2003; 
Nielsen, 1996, 2001).  Non-molecular characters shared by Echinodermata and 
Hemichordata were largely believed to be sympleisiomorphies until molecular evidence 
provided strong support for the hypothesis of Metschnikoff.  The larvae of Hemichordata 
and Echinodermata are collectively called dipleura and are very similar in general 
morphology.  Moreover dipleura larvae produce distinct tripartite coeloms with the left 
protocoel developing into an excretory hydropore (reviewed in Harrison and Ruppert, 
1991b, eds.; Hyman, 1959; Young et al., eds., 2002; Zeng and Swalla, 2005). 
 Although SERCA and G3PDH sequences were not available from Crinoidea, a large 
body of morphological and molecular evidence places Crinoidea as the sister group to the 
remaining classes (Eleutherozoa) of Echinodermata.  Relationships within Eleutherozoa 
are less clear, and both morphological and molecular analyses have produced conflicting 
and poorly resolved topologies.  The current analyses provided some support for the 
Echinozoa hypothesis (Echinoidea + Holothuroidea).  However, the position of 
Ophiuroidea could not be resolved.  Both Asteroidea + Ophiuroidea (=Asterozoa) and 
Echinozoa + Ophiuroidea topologies were recovered with weak support.  Both of these 
results have been recovered in morphological and molecular analyses and seem to be the 
two most commonly held hypotheses of eleutherozoan relations. 
 Weak support for Eleutherozoa internal relations may be due to low taxonomic 
sampling in the current study.  Protein coding gene sequences proved particularly 
difficult to obtain from Echinodermata specimens.  Increased sampling may improve 
support for some groups, but it is uncertain if the position of Ophiuroidea would be 
resolved.  Fossils of the eleutherozoan classes appear rapidly and fully distinguished 
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during the Cambrian, and it is likely that the current lack of resolution reflects a rapid 
divergence of these classes (reviewed in Ax, 2003; Hyman, 1955; Janies, 2001; 
Littlewood et al., 1997; Scouras et al., 2004; Smith, 1997). 
 Several co-orthologous gene groups were discovered among Osteichthyes, Amphibia, 
Aves, and Mammalia.  In contrast a single copy of each gene was found for the closest 
outgroup, the cephalochordate, B. floridae (Cephalochordata).  It is believed that several 
partial or complete genome duplications occurred early in Vertebrata, and the current 
distribution of co-orthologs gives some support to this hypotheses (Holland and Garcia-
Fernandez, 1996; Iwabe et al., 1996).  Moreover, many osteichthyans displayed an 
additional duplication of each vertebrate co-ortholog.  This finding agrees with other 
analyses that have suggested a complete genome duplication occurred in the teleost 
lineage of Osteichthyes (Hoegg et al., 2004; Taylor et al., 2001; Volff, 2005). 
 Duplicate copies of SERCA also were discovered among Phlebobranchia and 
Aplousobranchia (Urochordata).  The phylogenetic relationships among these copies 
were complex.  However, this phenomenon may represent a lineage specific duplication 
or triplication of this gene in the Phlebobranchia + Aplousobranchia clade, since these 
copies were not recovered from Stolidobranchia.  As such, this duplication provides 
further evidence of the close relationship between Aplousobranchia and Phlebobranchia. 
 A single SERCA gapped splice variant was recovered from S. hydriformis 
(Echinodermata, Holothuroidea).  This gap removed part of the E1-E2 ATPase region 
and the entire hydrolase region causing a translational frame shift.  A G3PDH isoform 
with an eleven amino acid insert was found in B. floridae (Chordata, Cephalochordata) 
while a different G3PDH isoform containing a twelve amino acid gap was discovered for 
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A. californicum (Chordata, Urochordata).  Since all of these size variants appear unique, 
little can be said about their phylogenetic significance. 
Ecdysozoa 
 Ecdysozoa contains all metazoans that molt a chitinous cuticle and comprises the 
clades Scalidophora, Nematoida and Panarthropoda (Aguinaldo et al., 1997; Garey, 2001; 
Kristensen, 1983; Mallatt and Giribet, 2006; Mallatt et al., 2004; Park et al., 2006; 
Schmidt-Rhaesa et al., 1998; Valentine and Collins, 2000).  Ecdysozoa was the least well 
explored of the three major bilaterian clades in the current study.  However, 
representatives of both Nematoida (Nematoda) and Panarthropoda (Tardigrada and 
Arthropoda) were examined. 
 A Nematoda + Panarthropoda clade was strongly supported by all datasets except the 
G3PDH set.  In analyses of the G3PDH dataset the long-branched Caenorhabditis 
(Nematoda) species grouped with Euplatyhelminthes.  Nematoda usually formed the 
sister group to Arthropoda + Tardigrada.  A few analyses did recover a Tardigrada + 
Nematoda clade, but support for this clade was generally weak.  Moreover, the vast body 
of morphological  and molecular evidence strongly supports a closer relationship between 
Tardigrada and Arthropoda than between Tardigrada and Nematoda (e.g. Brusca, 2000; 
Brusca and Brusca, 2003; Garey, 2001; Garey et al., 1996a; Giribet et al., 1996; Kinchin, 
2000; Mallatt and Giribet, 2006; Mallatt et al., 2004; Moon and Kim, 1996) 
 The taxonomic sampling within Arthropoda allowed exploration of the interrelations 
of the major arthropod divisions and subphyla.  Pancrustacea was the most highly 
supported clade within Arthropoda.  Most classic phylogenies use mouthpart similarities 
to unite Crustacea, Myriapoda and Hexapoda in a clade called Mandibulata.  These three 
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groups possess mandibles, while members of Chelicerata have mouthparts called 
chelicerae.  Molecular developmental studies have shown that the gene distalless is 
expressed during arthropod limb formation to define the most distal parts of the limb.  
This gene is also expressed during chelicerae formation but is absent during mandible 
development (reviewed in Akam, 2000; Averof and Akam, 1995; Brusca, 2000).  This 
expression pattern seems to further support Mandibulata monophyly.  However, since the 
lack of distalless expression is a negative character, its phylogenetic relevance is 
questionable. 
 A close association between Myriapoda and Hexapoda is usually postulated in classic 
phylogenies based on the presence of uniramous appendages, trachea, and a single set of 
antennae in these groups.  Moreover, in most classic systems, the Myriapoda + Hexapoda 
(Ateleocerata) clade usually comprises the sister group of Crustacea.  In contrast to 
Hexapoda and Myriapoda members of Crustacea possess biramous appendages and two 
pairs of antennae but lack trachea (reviewed in Akam, 2000; Brusca and Brusca, 2003; 
Fortey and Thomas, eds., 1998; Gupta, 1979; Wheeler et al., 1993).  However, 
Pancrustacea has been recovered in almost all molecular based analyses (e.g. Garcia-
Machado et al., 1999; Pisani, 2004; Shultz and Regier, 2000) and is further supported by 
several details concerning the development and structure of the neurological systems of 
hexapods and crustaceans (reviewed in Averof and Akam, 1995; Brusca, 2000; Brusca 
and Brusca, 2003; Jenner, 2006). 
 Branchiopoda usually branched first within Pancrustacea and formed the sister group 
to the remaining clades.  Insecta and Malacostraca comprised a highly supported clade.  
This branching pattern has been found in an analysis of mitochondrial data (Wilson et al., 
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2000).  Furthermore, developmental similarities of the nervous systems of pterygote 
insects and isopods have been suggested as synapomorphies for this clade (Brusca, 2000).  
However, the positions of all the orders of Crustacea have not been analyzed with these 
sorts of data.  The monophyly of Hexapoda was not usually supported.  The single 
Collembola species was often recovered as the sister group to the Insecta + Malacostraca 
clade.  However, some association with Branchiopoda was also recovered.  Support for 
the placement of Collembola was usually weak and Malacostraca, Insecta and 
Collembola often collapsed to a polytomy.  A polyphyletic Hexapoda has been recovered 
in other molecular analyses, but the position of Collembola is usually poorly supported 
and variable among analyses (e.g. Cook et al., 2005; Delsuc et al., 2003; Nardi et al., 
2003; Negrisolo et al., 2004; Shultz and Regier, 2000; but see Luan et al., 2005). 
 The monophyly of Chelicerata was highly supported.  Pycnogonida usually formed 
the sister group to Arachnida + Merostomata (Euchelicerata).  This result is strongly 
supported by classic morphology (reviewed in Brusca and Brusca, 2003; Fortey and 
Thomas, eds., 1998; Gupta, 1979).  However, the position of Pycnogonida is less robust 
in most rRNA analyses, and there has been some evidence that Pycnogonida forms the 
sister group to all other arthropods (analyzed and reviewed in Giribet et al., 2001; Mallatt 
and Giribet, 2006). 
 Chelicerata and Pancrustacea formed distinct clades, but the position of Myriapoda 
was variable.  Analyses of the SERCA and SERCA +SSU datasets supported the 
Mandibulata hypothesis and placed Myriapoda as the sister group to Pancrustacea.  
However, the G3PDH + SSU analysis gave moderate support to Paradoxopoda 
(Myriapoda + Chelicerata).  Most other analyses produced mixed clades with very weak 
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support.  Given these results and the strong classic support, the Mandibulata hypothesis is 
tentatively accepted over the Paradoxopoda hypothesis. 
 A few gene duplications were discovered among the sequences recovered from 
Ecdysozoa.  The two paralogous G3PDH forms found in members of Drosophila 
(Arthropoda, Insecta) were not seen in any other lineage.  Within Nematoda, two SERCA 
forms were recovered for X. index, while duplicate G3PDH sequences were displayed by 
the genus Caenorhabditis.  Both duplications were interpreted as co-orthologs.  However, 
it is not clear whether these duplications represent a genome duplication in Nematoda or 
whether they represent separate gene duplications for the taxa display them. 
 Two distinct co-orthologous forms for both SERCA and G3PDH were displayed by 
L. polyphemus (Arthropoda, Chelicerata, Merostomata).  No G3PDH sequences were 
obtained for D. tenebrosus (Arthropoda, Chelicerata, Arachnida), but two recently 
duplicated SERCA sequences were recovered.  No duplicate forms were found for P. 
littorale (Arthropoda, Chelicerata, Pycnogonida) for either G3PDH or SERCA, and it 
may be that the L. polyphemus  and D. tenebrosus co-orthologs are indicative of a partial 
or total genome duplication in Euchelicerata. 
 Several SERCA splice variants were also discovered in Ecdysozoa.  Two gapped 
isoforms were recovered for L. saccharina (Arthropoda, Insecta, Thysanura).  One of 
these forms had a translational frame shift caused by the gap.  A gapped isoform that 
caused a translational frame-shift was also discovered in E. talpoida (Arthropoda, 
Insecta, Decapoda).  One of the L. polyphemus (Arthropoda, Chelicerata, Merostomata) 
isoforms also possessed a gapped form.  The L. polyphemus and both the L. saccharina 
gapped forms removed parts of the E1-E2 ATPase and hydrolase regions.  The E. 
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talpoida gapped isoform was missing only the hydrolase region.  However, these gapped 
forms had somewhat different positions and it is difficult to homologize them. 
Lophotrochozoa  
 Lophotrochozoa is the largest and most phylogenetically challenging of the major 
clades in Bilateria.  The unification of all the taxa comprising Lophotrochozoa has never 
been suggested in classic systems.  Many relationships within Lophotrochozoa have 
remained largely unresolved by both molecular and morphological analyses (reviewed in 
Adoutte et al., 2000; Aguinaldo and Lake, 1998; Halanych, 2004; Passamaneck and 
Halanych, 2006; Telford, 2006).  However, some analyses have produced two weakly 
supported clades, Eulophotrochozoa and Platyzoa (Garey and Schmidt-Rhaesa, 1998; 
Giribet et al., 2000; Halanych et al., 1995; Passamaneck and Halanych, 2006). 
 Platyzoan taxa usually comprise two clades Euplatyhelminthes + Gastrotricha and 
Gnathifera (Gnathostomulida, Micrognathozoa, Cycliophora, Rotifera, and 
Acanthocephala).  Some classic studies have supported the unification of Platyhelminthes 
and Gnathostomulida as a clade called Platyhelminthomorpha (Ax, 1996)  However, the 
removal of Acoelomorpha and the inclusion of Gastrotricha, Micrognathozoa, 
Cycliophora, and Syndermata negate the proposed synapomorphies uniting 
Platyhelminthes and Gnathostomulida. 
 Platyzoa is represented in the current study by Platyhelminthes and Rotifera.  
Analyses examining the full topology of Bilateria frequently supported the monophyly of 
Platyzoa.  When only the Lophotrochozoa was examined, both Rotifera and 
Euplatyhelminthes frequently positioned near the base of Eulophotrochozoa.  Only SSU 
data supported the monophyly of Platyzoa in these taxonomically reduced phylogenies.  
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Analyses of most other datasets produced a polytomy comprising Rotifera, 
Euplatyhelminthes, and Eulophotrochozoa and little can be said concerning the 
interrelations of these groups.  Most phyla in Platyzoa have long-branched SSU 
sequences and it may be that the previously reported monophyly of Platyzoa has resulted 
from unequal rate effects. 
 The internal relationships of Euplatyhelminthes found very high and consistent 
support.  Catenulida formed the sister group to Rhabditophora in almost all analyses.  
Within Rhabditophora the branching pattern was consistent with both morphological and 
other SSU based assessments, with Polycladida comprising the sister group to a 
Tricladida + Trematoda clade (e.g. Ax, 1996; Baguna and Riutort, 2004b; Balavoine, 
1998; Campos et al., 1998; Carranza et al., 1997). 
 The monophyly of Eulophotrochozoa had high support in almost all analyses.  The 
interrelationships in Eulophotrochozoa have proven to be some of the most difficult to 
resolve in Metazoa.  Although no single gene dataset provided strong resolution, all 
combined datasets containing SERCA had moderate to high resolving power.  The SSU 
data failed to recover monophyly for most phyla.  Similar results have been found in 
other analyses using SSU (reviewed in Adoutte et al., 2000; Halanych, 2004; 
Passamaneck and Halanych, 2006).  The G3PDH dataset recovered monophyletic phyla 
but was generally unable to resolve the relations among them.  However, analyses of both 
the SSU and G3PDH datasets did display a few trends. 
 The SSU data recovered a weakly supported monophyletic Lophophorata with 
Brachiopoda, Phoronida and Ectoprocta grouping together.  Moreover, the G3PDH + 
SSU dataset provided strong support for a sister group relation between Brachiopoda and 
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Phoronida.  However, Ectoprocta G3PDH sequences were not obtained, and the 
relationship of Ectoprocta to the Brachiopoda + Phoronida clade could not be assessed 
with this dataset.  Combined SERCA analyses gave moderate to high support for a sister 
group relationship between Ectoprocta and Brachiopoda.  However, SERCA sequences 
were not obtained from Phoronida, and the relationship of Phoronida to the Brachiopoda 
+ Ectoprocta clade could not be assessed with this dataset. 
 The proposed homology of the lophophore has been used to support the monophyly 
of Lophophorata in most classic systems (Harrison and Woollacott, eds., 1991; Hyman, 
1959), but almost all SSU analyses have rejected the monophyly of Lophophorata.  
Molecular based studies have strongly supported a Phoronida + Brachiopoda relationship 
and have even placed Phoronida within Brachiopoda (e.g. Cohen, 2000; Cohen et al., 
1998a; Cohen and Weydmann, 2005; Halanych et al., 1995; Mackey et al., 1996).  
However, Ectoprocta has almost always grouped away from the Phoronida + 
Brachiopoda clade and has been variously placed at the base of Eulophotrochozoa, 
Lophotrochozoa, and even Protostomia (reviewed in Halanych, 2004; Hausdorf et al., 
2007; Lüter and Bartolomaeus, 1997; Passamaneck and Halanych, 2006; Struck and 
Fisse, 2008; but see Helmkampf et al., 2008). 
 Almost all members of Ectoprocta examined thus far have long-branch SSU 
sequences, and it is possible that the polyphyly of Lophophorata in molecular analyses 
has been produced by unequal rate effects.  In the current study SERCA Ectoprocta 
sequences produced for B. neritina (Class Gymnolaemata) and P. magnifica (Class 
Phylactolaemata) were found to form a highly supported monophyletic clade.  Analyses 
of SERCA data alone were insufficient to resolve internal relations in Eulophotrochozoa, 
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but Ectoprocta showed the same weak affinity for Brachiopoda that P. magnifica alone 
showed.  The SSU sequence for B. neritina was extremely long-branched and grouped 
away from Cristatella mucedo (used as SSU version of P. magnifica) in preliminary 
analyses and produced destabilization in other metazoan relations .  When only the short 
branched SSU Cristatella mucedo sequence was used monophyly was recovered for 
Lophophorata, with Ectoprocta as the sister group to Brachiopoda + Phoronida.  When, 
SERCA and SSU datasets were combined the positions of the two Ectoprocta species 
varied among the methods of analysis.  The Bayesian analysis produced a monophyletic 
Ectoprocta that grouped weakly with Brachiopoda and Mollusca, while the Neighbor-
Joining analysis placed Ectoprocta basal to the rest of Eulophotrochozoa.  The 
Maximum-Likelihood analysis placed B. neritina as the sister group to the rest of 
Eulophotrochozoa, but placed C. mucedo weakly with the Brachiopoda + Mollusca clade.  
It seems that this phenomenon is similar to the unequal rate effect found by Aguinaldo et 
al. (1997) which caused Nematoda to be positioned basally in Bilateria, when long-
branched or both long-branched and short-branched Nematoda sequences were included.  
Since other datasets only contained two of the three phyla comprising Lophophorata, this 
topology could not be tested further. 
 The phyla comprising Lophophorata were often strongly associated with Mollusca.  
Members of all these phyla display dorsally (except Phoronida = ventrally) secreted 
coverings composed of protein and chitin which are often calcified.  These cuticular 
structures are not molted.  Expansion of these cuticular structures usually occurs by 
deposition at the edge of the growing organism by a specific type of epithelium (mantle).  
Other tissues often subsequently modify (e.g. calcify) the primary structure and produce a 
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laminar effect (Brusca and Brusca, 2003; Harrison and Ruppert, eds., 1991b; Hyman, 
1959, 1967).  Although these structures differ in several details, it is possible they 
represent a synapomorphy for this clade.  As far as it can be determined this is the first 
time that a close grouping between Phoronida, Brachiopoda, Ectoprocta, and Mollusca 
has been suggested in any study, and the name Palliophora (L. pallium = mantel, phora = 
bearing) is suggested for the clade Lophotrochozoa + Mollusca. 
 Members of the fossil Coeloscleritophora group (halkieriids, wiwaxiids and related 
taxa) also display dorsal cuticular structures that are presumably calcified.  These fossil 
organisms have been variously associated with Annelida, Mollusca and Brachiopoda 
(Cohen et al., 2003; Morris and Caron, 2007; Morris and Peel, 1995; Valentine, 2004).  
While it is possible that this group constitutes a link between Annelida and Palliophora, 
the presence of dorsal calcified cuticular structures indicate placement within 
Palliophora. 
 A sister group relationships between Mollusca and Entoprocta has been suggested by 
Ax, based in part on similar congruence of dorsal cuticular structures (Ax, 2000).  
Moreover, Nielsen has suggested a sister group relationship between Entoprocta and 
Ectoprocta (1977; 2001).  Although Entoprocta certainly belongs in Lophotrochozoa, 
molecular analyses have produced ambiguous positions (reviewed in Halanych, 2004; 
Halanych and Passamaneck, 2001; Mackey et al., 1996).  However, two recent studies 
using ribosomal protein amino acid analyses have suggested a close link between 
Ectoprocta and Entoprocta (Hausdorf et al., 2007; Struck and Fisse, 2008) and it remains 
possible that Entoprocta also comprises a phylum in Palliophora. 
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 Analysis of the SSU dataset yielded a polyphyletic Annelida, but all other dataset 
analyses produced a paraphyletic Annelida containing Sipuncula.  Although the 
relationships among the members of this clade were variable some general trends were 
discerned.  Chaetopterus spp. (order Spionida) and Hesionidae (order Phyllodocida) 
almost always grouped near the base of a clade containing, Sipuncula, Oligochaeta, 
Sabellida and Pectinaria spp. (order Terebellida).  Within this clade, Oligochaeta most 
often comprised a sister group to Sabellida, but the relations of the other groups were 
variable among analyses.  Annelida is a large highly diverse phylum, and the most 
probable explanation for the internal instability is low taxonomic representation.  
Increased taxonomic sampling almost always improves stability by reducing distances 
among groups. 
 Eutrochophore larvae are produced by some members of Sipuncula, and classic 
analyses have variously placed Sipuncula as a sister group to Annelida, Mollusca or an 
Annelida + Mollusca clade.  However, a closer association with Mollusca has usually 
been proposed based on similar embryonic cleavage patterns, lack of setae and lack of 
segmentation (Halanych et al., 2002; Maxmen et al., 2003; Scheltema, 1993; but see 
Jenner, 2003).  However, almost all molecular analyses have indicated a close 
relationship between Sipuncula and Annelida.  Depending on the taxonomic sampling 
used, Sipuncula has consistently formed the sister group to Annelida or has been 
positioned within Polychaeta (e.g. Boore and Staton, 2002; Halanych et al., 2002; Hall et 
al., 2004; Rousset et al., 2007; Struck et al., 2007).  Although this association has been 
recovered repeatedly, few putative synapomorphies have been postulated associating 
Sipuncula with any family within Polychaeta. 
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 The placement of Oligochaeta within Polychaeta is similar to other molecular based 
studies but also conflicts with classic analyses of Annelida.  Oligochaeta or Clitellata 
(Oligochaeta + Hirudinea) has traditionally been viewed as the sister group to Polychaeta 
(reviewed in Brusca and Brusca, 2003; Hall et al., 2004; Hickman et al., 1993; Rouse and 
Pleijel, 2006).  The reduction of setae and lack of parapodia in Clitellata are often viewed 
as pleisiomorphic characters.  However, the molecular based position of Clitellata within 
Polychaeta suggests that they are secondarily simplified (e.g. Bleidorn, 2007; McHugh, 
2000; Rouse and Pleijel, 2006; Rousset et al., 2007; Struck et al., 2007).  It is possible 
that the reduction of parapodia and setae is an adaptation to terrestrial and freshwater 
lifestyles.  The lack of planktonic larvae and production of resistant egg masses in 
Clitellata may further support this hypothesis. 
 Other relations within Lophotrochozoa were only resolved using combined datasets 
containing SERCA sequences.  A clade comprising Annelida + Sipuncula and 
Palliophora was recovered in several analyses.  This clade usually formed a sister group 
to Nemertea, but a few analyses produce a weak association between Nemertea and 
Annelida + Sipuncula.  Some classic analyses have placed Nemertea as a sister group to a 
clade containing Annelida, Sipuncula and Mollusca (Eutrochozoa) (Ax, 1996; Turbeville, 
2002; Valentine, 2004).  A recent analysis of ribosomal protein amino acid data have 
supported a sister group relationship between Nemertea and Mollusca (Struck and Fisse, 
2008) but this position was somewhat variable among analyses.  A close association of 
Nemertea with Eutrochozoa is supported by the recent discovery that the larvae of some 
members of Nemertea display bands of cilia that are very similar to the bands of the true 
trochophore larvae (reviewed in Jenner, 2006). 
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 Members of Lophotrochozoa displayed more duplicate and alternatively spliced 
forms than any other major clade in Bilateria.  A paralogous SERCA form was 
discovered for D. dorotocephala (Platyhelminthes, Tricladida) and S. mansoni 
(Platyhelminthes, Trematoda), which did not occur in Polycladida and Catenulida.  
Tricladida and Trematoda formed a highly supported clade in all analyses performed in 
this study.  It therefore seems likely that this duplication occurred in the common 
ancestor of the Tricladida + Trematoda clade. 
 A specific paralog was discovered for G3PDH in several members of Mollusca.  
These paralogous forms were recovered in C. floridana, C. fluminea, D. variabilis (Class 
Bivalvia) and L. gigantea (Class Gastropoda).  It is difficult to ascertain at what point this 
duplication occurred in Mollusca.  The duplicate form was not recovered from 
Polyplacophora.  However, other members of Gastropoda and Bivalvia also lacked the 
duplicate form, indicating that the PCR primers may not match the paralog well.  A 
paralogous G3PDH form was found in S. japonicum (Platyhelminthes, Trematoda) but 
was not discovered in any other species. 
 Three co-orthologous SERCA forms were recovered for both L. terrestris and L. 
variegatus (Annelida, Oligochaeta).  However, the relations among these forms were 
complex and orthology was difficult to determine among pairs of isoforms from the 
different species.  Two orthologous G3PDH forms were also discovered for these same 
species.  These co-orthologs did not occur among any other species in Lophotrochozoa.  
The unique presence of duplicate forms of both SERCA and G3PDH is interpreted as 
evidence that a partial or complete genome duplication occurred in the common ancestor 
of L. terrestris and L. variegatus.  Without further taxonomic sampling it can not be 
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determined at what point in the history of Oligochaeta this duplication occurred.  It 
should further be noted that the L. terrestris G3PDH co-orthologs differed by only seven 
amino acids and may only represent divergent alleles. 
 In both L. terrestris and L. variegatus one SERCA co-ortholog displayed three 
alternatively spliced type variants.  These splicing events were not restricted to one 
functional region but occurred across the entire examined region of the gene.  However, 
the splicing patterns between these species are unique.  Moreover, it is uncertain that the 
splicing events occurred in the same co-ortholog forms between these species.  
Alternatively spliced type variants for SERCA were also recovered for P. obscura and 
Pectinaria gouldi (Annelida, Polychaeta).  Two forms were found for P. obscura that 
differed by nineteen amino acids across a single area located between the E1-E2 ATPase 
and hydrolase regions.  Three forms that differed among three different regions across the 
gene were found for Pectinaria gouldi.  Although the alternatively spliced region in P. 
obscura was similar in position to one of the spliced regions in Pectinaria gouldi, the 
amino acid sequences of the alternative forms were unrelated.  Moreover, all type 
variants found in Polychaeta differed from the Oligochaeta type variants and seemed to 
represent distinct splicing events. 
 A unique co-orthologous form was discovered for Philodina sp. (Rotifera, 
Bdelloidea).  Members of Bdelloidea reproduce exclusively by asexual parthenogenesis.  
As diploid organisms Bdelloidea species possess two copies of each gene.  However, the 
lack of homogenization by meiotic crossing over allows the copies of these genes to 
diverge in form and function making these organisms effectively tetraploid.  It is 
therefore uncertain whether the SERCA co-ortholog represents an actual duplication or 
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simply the divergence of the diploid forms.  Four unique splice variant forms were 
present in one of the Philodina sp. co-orthologs.  Since lineages in Bdelloidea lack sexual 
recombination, it is possible that alternative splicing is used to increase genetic diversity. 
 A unique co-orthologous SERCA form was found for P. magnifica (Ectoprocta, 
Phylactolaemata).  However, this form was not discovered in B. neritina (Ectoprocta, 
Gymnolaemata).  The single B. neritina sequence formed the sister group to a clade 
comprising the two P. magnifica co-orthologs. 
 Inserted G3PDH forms were discovered among Brachiopoda and Phoronids.  Among 
these taxa only T. septentrionalis (Brachiopoda) did not display the inserted form.  The 
inserts were similar in size (35-40 AA), but differed in amino acid sequence.  However, 
there was some conservation in the type of amino acid (e.g. hydrophobic, acidic etc…) 
used at several sites.  Although Phoronida and Brachiopoda did not group closely in the 
G3PDH analyses, several other analyses have placed them together in a highly supported 
clade.  It therefore is seems probable that the inserted forms represent a molecular 
synapomorphy for this group.  This inserted form may have been lost in some lineages 
(e.g. T. septentrionalis) or may be a synapomorphy uniting Phoronida and a sub-clade of 
Brachiopoda. 
 Uniquely inserted G3PDH forms were found in Sipuncula.  The insert occurred at the 
same position in both Sipuncula species but differed in sequence.  These inserts were 
much smaller (6-8 AA) than the inserts found in Phoronida and Brachiopoda (35-40 AA) 
and occurred at a different location. 
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 Inserted G3PDH forms were also recovered for C. variopedatus and Pectinaria 
gouldi (Annelida, Polychaeta).  The inserts occurred at the same position in both species 
but differed in length, sequence and composition.  Moreover, B. floridae (Chordata, 
Cephalochordata) also displayed an inserted form at this same position that was very 
different in sequence.  The significance of this phenomenon is unknown. 
 Alternatively spliced G3PDH type variants found among P. obscura, C. variopedatus 
Annelida, Polychaeta); and Phascolion sp. (Sipuncula).  These alternate forms were very 
similar in position, sequence and composition.  Most phylogenetic analyses did not 
demonstrate a close relationship between these three groups within Annelida.  It is 
therefore uncertain at what point in the Annelida + Sipuncula lineage this phenomenon 
occurred.  However, these variant forms do seem to represent a molecular synapomorphy 
further uniting Annelida and Sipuncula. 
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Figure 5.1:  Summary Tree for this Study 
 
This tree represents a summary of the analyses in this study.  Preference has been given to Bayesian 
analyses and analyses of combined datasets.  Consistently unresolved nodes are collapsed to polytomies. 
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Conclusions 
 Only a few independent molecular datasets have been generated for a wide range of 
metazoan taxa.  The primary purpose of this study was to increase the number of nuclear 
protein coding data available for deep metazoan phylogenetic analyses by sequencing 
new nuclear protein coding genes from a wide variety of metazoan taxa and examining 
their phylogenetic utility.  The data generated in this study have added two more nuclear 
protein coding genes (SERCA and G3PDH) to the general body of molecular evidence 
that can be used to examine deep metazoan relationships.  These genes are low copy 
number in most species and display few confounding paralogous forms.  Moreover, these 
genes have been readily PCR amplified and sequenced from a variety of organisms 
across Metazoa. 
 Both genes produced phylogenies that largely conformed to previous analyses 
based on SSU data.  The SERCA data produced topologies that were more highly 
resolved and supported than either SSU or G3PDH.  The G3PDH data did not usually 
produce high support when examined alone, but they did increase support when added to 
other datasets.  Moreover, various combinations of these data greatly improved both the 
resolving power and robustness of the phylogenetic analyses.  Several phylogenetically 
informative duplication and alternative splicing events have also been observed for the 
protein coding genes.  This type of higher level information is not available in SSU 
analyses since all copies of SSU in an individual evolve by concerted evolution.  Finally, 
the protein coding data seem to have more equivalent rates of substitution across Metazoa 
than SSU.  However, it is possible that this effect is a byproduct of the improved 
alignments for the protein coding genes. 
 124 
 Most basal metazoan relations were weakly resolved, but Cnidaria was 
consistently recovered as the sister group to Bilateria.  A basal position in Bilateria was 
recovered for Acoela with the SERCA and SSU genes.  However, this position was 
unstable and it remains to be seen whether this hypothesis is supported.  It is possible that 
members of Acoela are secondarily simplified and that their basal position is due to high 
genetic divergence. 
 Within Deuterostomia strong support was found for the monophyly of both 
Chordata and Ambulacraria.  Most SSU based analyses have suffered from unequal rate 
problems among members of Urochordata.  However, the Urochordata protein coding 
genes do not seem to suffer from long-branch problems.  Within Urochordata a clade 
comprising Aplousobranchia and Phlebobranchia was consistently recovered with high 
support.  Although this clade has been proposed by morphological analyses, long-
branched Aplousobranchia SSU sequences have confounded previous molecular studies.  
A SERCA duplication was observed in this lineage that was not found in Stolidobranchia.  
This duplication further supports a close Aplousobranchia-Phlebobranchia relationship.  
Lineage specific duplications were also observed for both genes in Vertebrata and 
Osteichthyes, providing further evidence of genome duplications among these clades.  
Class relations in Echinodermata were largely unresolved but taxonomic sampling was 
low, and it remains to be seen if these genes will improve resolution among these taxa. 
 The monophyly of Ecdysozoa was usually supported.  Unequal rate effects were 
seen for Nematoda in the G3PDH analyses, but substitution rates were more equivalent 
for SERCA.  Within Arthropoda, Pancrustacea was highly supported.  Insecta grouped 
strongly with Malacostraca.  However, the monophyly of Hexapoda was not usually 
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supported, and Collembola almost always grouped away from Insecta.  The position of 
Myriapoda was largely unresolved, but there was slightly greater support for the 
Mandibulata hypothesis.   
One result that differed greatly from most SSU based studies was high support for 
the monophyly of Chelicerata.  Chelicerate monophyly is strongly suggested by 
morphology, but the position of Pycnogonida is unresolved in most SSU studies.  It now 
seems that this result was a SSU specific effect possibly stemming from unequal rate 
effect. 
A partial or complete genome duplication was suggested by the presence of 
duplicate forms of both protein coding genes in L. polyphemus (Arthropoda, Chelicerata, 
Merostomata).  Duplicate forms were also found in D. tenebrosus (Arthropoda, 
Chelicerata, Arachnida).  However, since only SERCA sequences were obtained from 
this species it is uncertain if this represents a separate duplication or if it is part of a more 
general duplication in the Euchelicerata lineage. 
Analyses of SSU data have been unable to resolve relations within 
Lophotrochozoa and have often yielded polyphyletic phyla.  The addition of the protein 
coding data greatly improved resolution and support among clades in Lophotrochozoa.  
The monophyly of Platyzoa was not well supported.  Instead both Euplatyhelminthes and 
Rotifera grouped separately near the Eulophotrochozoa base.  The most commonly 
recovered internal Eulophotrochozoa topology placed Nemertea as the sister group to a 
clade comprising Annelida, Sipuncula, Lophophorata and Mollusca. 
 
 126 
Sipuncula and Oligochaeta (Annelida) grouped separately within Polychaeta 
(Annelida).  A further relation between Sipuncula and Annelida was suggested by a 
shared splice variant type.  A relationship between Oligochaeta and Sabellida was 
recovered in most analyses.  However, taxonomic sampling was low, and it is uncertain if 
these groups actually comprise closely related sister taxa.  A partial or complete genome 
duplication was suggested by the presence of co-orthologous forms of both genes in 
Oligochaeta.  This duplication may be useful in future analyses for determining the sister 
group of Oligochaeta within Polychaeta. 
One unusual finding was the monophyly of Lophophorata.  Although the 
monophyly of Lophophorata has been postulated in many classic phylogenies, most SSU 
based analyses have place Ectoprocta away from a Brachiopoda + Phoronida clade.  A 
clade comprising Lophophorata and Mollusca was recovered with high support in some 
analyses.  Palliophora is tentatively suggested as the name for this clade, based on the 
proposed homology of the non-molted dorsal (except Phoronida = ventral) proteinaceous 
chitinous (often calcified) covering of the organisms in this group. 
The datasets generated in this study have allowed hypothesis testing in several 
areas of Metazoa.  The new nuclear protein coding genes, SERCA and G3PDH, have 
demonstrated wide applicability for phylogenetic analyses and have increased support 
and resolution among several taxa.  Moreover, the PCR primers for these genes have 
been able to amplify products from a variety of taxa and it is hoped that these genes will 
find wide application in future phylogenetic studies.  The high resolution obtained by the 
SERCA + SSU and SERCA + SSU + G3PDH datasets within Lophotrochozoa is 
unprecedented, and further taxonomic sampling should be performed in future analyses. 
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Appendix A.1: Organismal Collection and Storage Information 
Species Collection Site Specifications ID# Storage 
Lumbricus terrestris Carolina Science, Burlington, NC Cat # RG-14-1620, Live Ann7Lte 4% Form. Soln. 
Lumbriculus variegatus Carolina Science, Burlington, NC Cat # FR-14-1720, Live Ann8Lva 70% Ethanol 
Chaetopterus 
variopedatus 
 Fort DeSoto Park, FL (North Beach) Longitude -82.741, 
Latitude 27.637, Live 
Ann1Cpa 70% Ethanol 
Podarke obscura South Lido Key Beach, Sarasota, FL Longitude -82.565, 
Latitude 27.300, Live 
Ann4Pob 70% Ethanol 
Sabella melanostigma Grassy Key, FL (Florida Bay Coast) Longitude -80.928, 
Latitude 24.775, Live 
Ann5Sme 4% Form. Soln. 
Serpula vermicularis Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Live Ann6Sve 70% Ethanol 
Pectinaria gouldi Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Ann9Pgo 70%Ethanol 
Dolomedes tenebrosus Buckhorn Lake State Park, KY Longitude -83.450, 
Latitude 37.300, Live 
Arth5Dte 70% Ethanol 
Limulus polyphemus Mary Kimball, University of South 
Florida 
Live, Trilobite Larval 
Stage 
Arth1Lpo 70% Ethanol 
Pycnogonum littorale Gulf of Maine Marine Life Supply Co., 
Pembroke, ME 
Cat # AR025, Live Arth10Pli 70% Ethanol 
Emerita talpoida North Lido Key Beach, Sarasota, FL Longitude -82.577, 
Latitude 27.301, Live 
Arth2Eta 70% Ethanol 
Sphaeroma destructor Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Arth3Sde 70% Ethanol 
Anurida maritima Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
None NA 
Lepisma saccharina Temple Terrace, FL (Colonial Grande 
Apartments) 
Longitude -82.378, 
Latitude 28.032, Live 
Arth7Lsa 70% Ethanol 
Lithobius sp. Abaddon God of Insects, New York, 
NY 
Special Order, Live Arth11Lith 70% Ethanol 
Pseudopolydesmus 
serratus 
Laurel River Lake, KY Longitude -84.262, 
Latitude 36.974, Live 
Arth8Pse 70% Ethanol 
Terebratulina 
septentrionalis 
Gulf of Maine Marine Life Supply Co., 
Pembroke, ME 
Cat # BR001, Live Brach3Tse 70% Ethanol 
Terebratalia transversa Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Live Brach2Ttr 70% Ethanol 
Glottidia pyramidata Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Brach1Gpy 70% Ethanol 
Branchiostoma floridae Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Chord1Bfl 70% Ethanol 
Aplidium californicum Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Live Lab of Billie 
Swalla, WA 
NA 
Molgula occidentalis  Fort DeSoto Park, FL (North Beach) Longitude -82.741, 
Latitude 27.637, Live 
Chord2Moc 70% Ethanol 
Mnemiopsis mccradyi Gulf Specimen Marine Laboratories, 
Inc. Panacea, FL 
Cat # Ct-290, Live None NA 
Luidia senegalensis South Lido Key Beach, Sarasota, FL Longitude -82.565, 
Latitude 27.300, Live 
Ech4Lse Dried and 70% 
Ethanol 
Henricia leviuscula Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Live Lab of Billie 
Swalla, WA 
NA 
Mellita 
quinquiesperforata 
 Fort DeSoto Park, FL (North Beach) Longitude -82.741, 
Latitude 27.637, Live 
Ech6Mqu Dried and 70% 
Ethanol 
Strongylocentrotus 
droebachiensis 
Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Live Lab of Billie 
Swalla, WA 
NA 
Synaptula hydriformis Howard Park, Tarpon Springs, FL Longitude -82.806, 
Latitude 28.153, Live 
Ech2Shy 70% Ethanol 
Parastichopus 
californicus 
Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Live Lab of Billie 
Swalla, WA 
NA 
Ophiothrix angulata Howard Park, Tarpon Springs, FL Longitude -82.806, 
Latitude 28.153, Live 
Ech3Oan Dried and 70% 
Ethanol 
Bugula neritina South Lido Key Beach, Sarasota, FL Longitude -82.565, 
Latitude 27.300, Live 
Ect1Bne 70% Ethanol 
 
 
Pectinatella magnifica Buckhorn Lake State Park, KY Longitude -83.450, 
Latitude 37.300, Live 
Ect2Pma 4% Form. Soln. 
 
 159 
Appendix A.1 (Continued) 
 
Species Collection Site Specifications ID# Storage 
Saccoglossus 
bromophenolosus 
Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Frozen at -80°C Lab of Billie 
Swalla, WA 
NA 
Ptychodera bahamensis Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Hemi1Pba 70% Ethanol 
Crassostrea virginica Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Mol1Cvi Shell Dried and 
70% Ethanol 
Donax variabilis  Fort DeSoto Park, FL (North Beach) Longitude -82.741, 
Latitude 27.637, Live 
Mol2Dva Shell Dried and 
70% Ethanol 
Carditamera floridana Grassy Key, FL (Atlantic Ocean Shore) Longitude -80.928, 
Latitude 24.775, Live 
Mol11Cflo Shell Dried and 
70% Ethanol 
Corbicula fluminea Buckhorn Lake State Park, KY Longitude -83.470, 
Latitude 37.342, Live 
Mol3Cfl Shell Dried and 
70% Ethanol 
Macrocallista nimbosa  Fort DeSoto Park, FL (North Beach) Longitude -82.741, 
Latitude 27.637, Live 
Mol15Mni Dried and 70% 
Ethanol 
Mercenaria 
campechiensis 
South Lido Key Beach, Sarasota, FL Longitude -82.565, 
Latitude 27.300, Live 
Mol9Mca Shell Dried and 
70% Ethanol 
Melampus coffeus Grassy Key, FL (Atlantic Ocean Shore) Longitude -80.928, 
Latitude 24.775, Live 
Mol12Mco Shell Dried and 
70% Ethanol 
Elysia clarki Grassy Key, FL (Florida Bay Coast) Longitude -80.979, 
Latitude 24.749, Live 
Mol7Ecl 4% Form. Soln. 
Katharina tunicata Cattle Point, San Juan, Island, WA Longitude -122.961, 
Latitude 48.454, Live 
Mol16Ktu 70% Ethanol 
Mopalia muscosa Cattle Point, San Juan, Island, WA Longitude -122.961, 
Latitude 48.454, Live 
Mol17Mmu 70% Ethanol 
Xiphinema index Steven Nadler, University of California, 
Davis 
Frozen on Dry Ice Lab of 
Steven 
Nadler, CA 
NA 
Neolineus sp. Picnic Island Park, Tampa, Florida Longitude -82.555, 
Latitude 27.849, Live 
Nemer1Neo 70% Ethanol 
Amphiporus ochraceus Marine Biological Laboratory, Woods 
Hole, MA 
Cat # 560, Live Nemer2Aoc 70% Ethanol 
Nemertopsis bivittata Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Nemer3Nbi 4% Form. Soln. 
Phoronis psammophila Gulf Specimen Marine Laboratories, 
Inc. Panacea, FL 
Cat # Lo-570, Listed as 
Phoronis architecta, Live 
Phor1Pps 70% Ethanol 
Phoronis 
vancouverensis 
Billie Swalla, Friday Harbor 
Laboratories, University of Washington 
Live Lab of Billie 
Swalla, WA 
NA 
Childia groenlandica Marine Biological Laboratory, Woods 
Hole, MA 
Cat # 510, Live None NA 
Stenostomum sp. Connecticut Valley Biological Supply, 
Southampton, MA 
Cat # L24A, Live None NA 
Pseudoceros crozieri Grassy Key, FL (Florida Bay Coast) Longitude -80.979, 
Latitude 24.749, Live 
Platy1Pcr 4% Form. Soln. 
Stylochus frontalis Gandy Boulevard Causeway, Tampa, 
FL (Northern Shore) 
Longitude -82.954, 
Latitude 27.877, Live 
Platy2Sfr 70% Ethanol 
Bdelloura candida  Fort DeSoto Park, FL (North Beach) Longitude -82.741, 
Latitude 27.637, Live 
Platy4Bca 70% Ethanol 
Dugesia dorotocephala Carolina Science, Burlington, NC Cat # FR-13-2970, Live Platy3Ddo 70% Ethanol 
Stellata grubii Gulf Specimen Marine Laboratories, 
Inc. Panacea, FL 
Cat # P-60, Live Por1Sgr 70% Ethanol 
Philodina sp. Carolina Science, Burlington, NC Cat # FR-13-3172, Live Roti2Phil 4% Form. Soln. 
Brachionus plicatilis Florida Aqua Farms Inc., Dade City, FL Cat # AB-R1S, Resting 
Eggs-Cultured (Protocol 
1) 
Roti1Bpl 70%Ethanol 
Lecane sp. Carolina Science, Burlington, NC Cat # FR-13-3170, Listed 
as Monostyla sp., Live 
RotiLeca 4% Form. Soln. 
Phascolion sp. Picnic Island Park, Tampa, Florida Longitude -82.555, 
Latitude 27.849, Live 
Sip1Phasc 70% Ethanol 
Phascolopsis gouldi Marine Biological Laboratory, Woods 
Hole, MA 
Cat # 1450, Live Sip3Pgo 70% Ethanol 
Hypsibius dujardini Sciento, Manchester, England Cat # Z151, Live-
Cultured (Protocol 2) 
Tard1Hdu 4% Form. Soln. 
Organisms were collected from a variety of sources.  The storage information and ID# refers to the Terry 
G. Campbell Collection.  “4% Form. Soln.” = 4% Formaldehyde solution saturated with sucrose and borax. 
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Appendix A.2: Collection Sites 
 
Figure A.1:  Washington Field Sites 
 
Collections were made at Cattle Point, on San Juan Island, Washington.   
Figure A.2:  Kentucky Field Sites 
 
Three collection sites were used in Kentucky, two at Buckhorn Lake State Park and one at Laurel Lake. 
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Figure A.3:  Florida Field Sites 
 
There were nine collection sites in Florida, two on Grassy Key, two on Lido Key and one at each of the 
other locations.  These three maps (Figures A.1 - A.3) were created using Generic Mapping Tools Software 
3.0 (Wessel and Smith, 1995) 
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Appendix A.3: Diversity of Organisms Collected in this Study 
 
Phylum Class Order Family Genus Species 
Annelida Oligochaeta Haplotaxida Lumbricidae Lumbricus terrestris 
Annelida Oligochaeta Lumbriculida Lumbriculidae Lumbriculus variegatus 
Annelida Polychaeta Spionida Chaetopteridae Chaetopterus variopedatus 
Annelida Polychaeta Phyllodocida Hesionidae Podarke obscura 
Annelida Polychaeta Sabellida Sabellidae Sabella melanostigma 
Annelida Polychaeta Sabellida Serpulidae Serpula vermicularis 
Annelida Polychaeta Terebellida Pectinariidae Pectinaria gouldi 
Arthropoda 
(Subphylum 
Chelicerata) 
Arachnida Araneae Pisauridae Dolomedes tenebrosus 
Arthropoda 
(Subphylum 
Chelicerata) 
Merostomata Xiphosura Limulidae Limulus polyphemus 
Arthropoda 
(Subphylum 
Chelicerata) 
Pycnogonida Pantopoda Pycnogonidae  Pycnogonum littorale 
Arthropoda 
(Subphylum 
Crustacea) 
Malacostraca Decapoda Hippidae Emerita talpoida 
Arthropoda 
(Subphylum 
Crustacea) 
Malacostraca Isopoda Sphaeromatidae  Sphaeroma destructor 
Arthropoda 
(Subphylum 
Hexapoda) 
Apteryigida Collembola Hypogastruridae  Anurida maritima 
Arthropoda 
(Subphylum 
Hexapoda) 
Apteryigida Thysanura Lepismatidae Lepisma saccharina 
Arthropoda 
(Subphylum 
Myriapoda) 
Chilopoda Lithobiomorpha Lithobiidae Lithobius sp. 
Arthropoda 
(Subphylum 
Myriapoda) 
Diplopoda Polydesmida Polydesmidae Pseudopolydesmus serratus 
Brachiopoda Articulata Terebratulida Cancellothyrididae  Terebratulina septentrionalis 
Brachiopoda Articulata Terebratulida Terebratellidae Terebratalia transversa 
Brachiopoda Inarticulata Lingulida Lingulidae Glottidia pyramidata 
Chordata 
(Subphylum 
Cephalochordata) 
  Branchiostomatidae Branchiostoma floridae 
Chordata 
(Subphylum 
Urochordata) 
Ascidiacea Enterogona Polyclinidae Aplidium californicum 
Chordata 
(Subphylum 
Urochordata) 
Ascidiacea Stolidobranchia Molgulidae  Molgula occidentalis 
Ctenophora Tentaculata Lobata Bolinopsidae Mnemiopsis mccradyi 
Echinodermata Asteroidea Platyasterida Luidiidae  Luidia senegalensis 
Echinodermata Asteroidea Spinulosida Echinasteridae Henricia leviuscula 
Echinodermata Echinoidea Clypeasteroida Mellitidae  Mellita quinquiesperforata 
Echinodermata Echinoidea Echinoida Strongylocentrotidae Strongylocentrotus  droebachiensis 
Echinodermata Holothuroidea Apodida Synaptidae  Synaptula hydriformis 
Echinodermata Holothuroidea Aspidochirotida Stichopodidae Parastichopus californicus 
Echinodermata Ophiuroidea Ophiurida Ophiothricidae Ophiothrix angulata 
Ectoprocta Gymnolaemata Cheilostomata Bugulidae Bugula neritina 
Ectoprocta Phylactolaemata Plumatellida  Lophopodidae Pectinatella magnifica 
Hemichordata Enteropneusta  Harrimaniidae Saccoglossus bromophenolosus 
Hemichordata Enteropneusta  Ptychoderidae Ptychodera bahamensis 
Mollusca Bivalvia Ostreoida Ostreidae Crassostrea virginica 
Mollusca Bivalvia Veneroida Donacidae Donax variabilis 
Mollusca Bivalvia Veneroida  Carditidae Carditamera floridana 
Mollusca Bivalvia Veneroida  Corbiculidae Corbicula fluminea 
Mollusca Bivalvia Veneroida  Veneridae Macrocallista nimbosa 
Mollusca Bivalvia Veneroida  Veneridae Mercenaria campechiensis 
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Phylum Class Order Family Genus Species 
Mollusca Gastropoda Archaeopulmonata Ellobiidae Melampus coffeus 
Mollusca Gastropoda Sacoglossa Elysiidae Elysia clarki 
Mollusca Polyplacophora Neoloricata  Mopaliidae Katharina tunicata 
Mollusca Polyplacophora Neoloricata  Mopaliidae Mopalia muscosa 
Nematoda Adenophorea Dorylaimida Longidoridae Xiphinema index 
Nemertea Anopla Heteronemertea Lineidae Neolineus sp. 
Nemertea Enopla Hoplonemertea Amphiporidae Amphiporus ochraceus 
Nemertea Enopla Hoplonemertea Emplectonematidae Nemertopsis bivittata 
Phoronida   Phoronidae Phoronis psammophila 
Phoronida   Phoronidae Phoronis vancouverensis 
Platyhelminthes 
(Acoelomorpha) 
Turbellaria Acoela Convolutidae Childia groenlandica 
Platyhelminthes 
(Catenulida) 
Turbellaria Catenulida Stenostomidae Stenostomum sp. 
Platyhelminthes 
(Rhabditophora) 
Turbellaria Polycladida Pseudoceritidae Pseudoceros crozieri 
Platyhelminthes 
(Rhabditophora) 
Turbellaria Polycladida Stylochidae Stylochus frontalis 
Platyhelminthes 
(Rhabditophora) 
Turbellaria Tricladida Bdellouridae Bdelloura candida 
Platyhelminthes 
(Rhabditophora) 
Turbellaria Tricladida Dugesiidae Dugesia dorotocephala 
Porifera Demospongiae Astrophorida  Ancorinidae  Stellata grubii 
Rotifera Bdelloidea  Philodinidae Philodina sp. 
Rotifera Monogononta Ploima Brachionidae Brachionus plicatilis 
Rotifera Monogononta Ploima Lecanidae Lecane sp. 
Sipuncula   Golfingiidae Phascolion sp. 
Sipuncula   Phascolosomatidae Phascolopsis gouldi 
Tardigrada Eutardigrada  Macrobiotidae Hypsibius dujardini 
Sixty-three species were collected for use in this study.  These organisms span Metazoa and comprise 
seventeen phyla and thirty-six major intraphyletic divisions. 
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Appendix A.4: Culturing Brachionus plicatilis (Rotifera, Monogononta) 
1. Obtain resting eggs of the rotifer, Brachionus plicatilis; a micro algae disk of Nanochloropsis sp.; 
Roti-Rich™ solution; Micro Algae Grow™ solution; 7.5 L plastic culture bags; a 53 µm plankton 
collector and a lab sized culture system for microalgae/ rotifers/ artemia from Florida Aqua Farms 
(Dade City, FL). 
 
2. Cover the algal plate with 3 mL of spring water, and pipette vigorously to remove algae from the plate. 
 
3. Pour the supernatant from the plate into 2 L of spring water in a 7.5 L plastic culture bag.  Add 3 mL 
Micro Algae Grow™ to the culture bag.  
 
4. Place the bag in the lab sized culture system for microalgae/ rotifers/ artemia, and incubate at room 
temperature under constant light and aeration for two weeks.  At this point a heavy growth of algae 
should be obtained.  Maintain the culture for later use. 
 
5. Pour 100 mL of the algal culture into a small glass container.  Add three sprinkles of rotifer resting 
eggs and three drops of Roti-Rich™. 
 
6. Incubate the rotifer eggs at room temperature with constant aeration for one week.  At this point a 
moderate growth of rotifers should be visible. 
 
7. Pour the rotifer culture into the original bag of algae from step 4.  Incubate at room temperature with 
constant light and aeration for two weeks or until the algal culture noticeably clears.  Add three drops 
of Roti-Rich™ every three days. 
 
8. Subculture as needed.  Maintain as long as desired. 
 
9. To collect the rotifers, filter them from the algae with a 53µm plankton collector. 
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Appendix A.5: Culturing Hypsibius dujardini (Tardigrada) 
1. Obtain cultures of the tardigrade, Hypsibius dujardini; and the alga, Chlorococcum sp.; from Sciento 
(Manchester, England). 
 
2. Open the cultures for aeration, and place them near a window out of direct sunlight. 
 
3. Aerate the cultures for 10 min every two days. 
 
4. Add 0.5 mL of algal culture to the tardigrade culture every two days. 
 
5. Subculture as needed.  Maintain as long as desired. 
 
6. To collect the tardigrades, filter them from the algae with a 53 µm sieve.  
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Appendix B: Molecular Protocols and Information
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Appendix B.1: Extraction of mRNA with a MicroPoly(A) Pure Kit 
All sample masses should be ≤ 50 µg.  For calculations, all masses are treated as 50 µg.  All tubes, pipette 
tips and pestles should be RNase free.  All refrigerator handles, bench space and equipment should be 
treated with RNase Away (Ambion, Austin, TX) prior to use.  Replace gloves any time an untreated surface 
is touched. 
1. A MicroPoly(A) Pure Kit (Ambion, Austin TX) contains: lysis solution, dilution buffer, oligo(dT) 
cellulose, binding buffer, wash buffer, elution buffer, 5 M ammonium acetate, 5 mg/mL glycogen, 
nuclease free water, spin columns, and 2.0 mL collection tubes.  Ethanol (100%) is also required. 
 
2. Freeze sample at -80°C for at least 24 h.  Place sample on ice 5 min before extraction. 
 
3. Heat ~ 225 µL (25 µL excess) elution buffer to 70°C for later use. 
 
4. Add 500 µL lysis solution (= 10 x mass µg) to the frozen sample, and homogenize with a 1.5 blue 
pellet pestle (Kimble-Kontes, Vineland, NJ). 
 
5. Add 1 mL dilution buffer (2 x original lysis buffer volume), and mix completely.  Centrifuge 15 min at 
12,000 x g.  Transfer supernatant to a fresh 1.5 mL centrifuge tube. 
 
6. Add one vial oligo(dT) cellulose to the supernatant, and mix well.  Gently rock 1 h at room 
temperature to bind mRNA.  Centrifuge 3 min at 4000 x g, and discard the supernatant. 
 
7. Add 1 mL binding buffer to the cellulose, and mix well.  Centrifuge 3 min at 4000 x g, and discard 
supernatant. 
 
8. Repeat step 6 twice more. 
 
9. Repeat step 6 three times with 1 mL wash buffer instead of binding buffer. 
 
10. Add 400 µL wash buffer to the cellulose, and mix well.  Transfer slurry to a spin column, and place the 
spin column into a 2.0 mL collection tube.  Centrifuge 10 s at 5000 x g, and discard eluant. 
 
11.  Add 0.5 mL wash buffer to the cellulose, and gently stir with pipette tip.  Centrifuge 10 s at 5000 x g, 
and discard eluant. 
 
12. Repeat step 10 twice more.   
 
13. Transfer the spin column to a fresh 2.0 mL collection tube.  Add 100 µL of 70°C elution buffer to the 
spin column, mix gently with a pipette tip, and centrifuge 10s at 5000 x g to elute the mRNA.  Repeat 
with another 100 µL of 70°C elution buffer.  
 
14. Add 20 µL of 5 M ammonium acetate, 3 µL of 5mg/mL glycogen and 550 µL of 100% ethanol to the 
eluant, and mix well. 
 
15. Store at -20°C for 18-22 h to precipitate mRNA (and glycogen). 
 
16. Centrifuge 20 min at 16,000 x g to pellet the mRNA, and discard supernatant. 
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Appendix B.1 (Continued) 
 
17. Centrifuge 30 s at 5000 x g, and discard supernatant. 
 
18. Leave the tube open on ice for 15 min to dry the rRNA pellet. 
 
19. Dissolve the rRNA pellet in 10 µL of nuclease free water. 
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Appendix B.2: Extraction of mRNA with a MicroPoly(A) Purist Kit 
Samples masses should be ≤ 50µg.  For calculations, all masses are treated as 50 µg.  All tubes, pipette tips, 
and pestles should be RNase free.  All bench space, equipment and refrigerator handles should be treated 
with RNase Away (Ambion, Austin, TX) prior to use.  Replace gloves any time an untreated surface is 
touched. 
1. A MicroPoly(A) Purist Kit (Ambion, Austin, TX) contains: lysis solution, dilution solution, oligo(dT) 
cellulose, lysate wash, 2X binding solution, wash solution 1, wash solution 2, THE RNA storage 
solution, 5 M ammonium acetate, 5 mg/mL glycogen, nuclease free water, spin columns, and 2.0 mL 
collection tubes.  Ethanol (100%) is also required. 
 
2. Freeze sample at -80°C for at least 24 h.  Place sample on ice 5 min before extraction. 
 
3. Heat ~ 225 µL (25 µL excess) elution buffer to 70°C for later use. 
 
4. Add 600 µL lysis solution (= 12 x sample mass µg) to the frozen sample, and homogenize with a 1.5 
blue pellet pestle (Kimble-Kontes, Vineland, NJ). 
 
5. Put 300 µL of the mixture into a fresh 1.5 mL centrifuge tube.  Add 700 µL dilution buffer (= 2.33 x 
volume of lysis solution) to each tube.  Centrifuge 15 min at 12,000 x g. 
 
6. Transfer supernatant from one tube into a fresh 1.5 mL centrifuge tube, add one vial oligo(dT) 
cellulose, and mix well.  Rock for 15 min at room temperature to bind mRNA.  Centrifuge 3 min at 
4000 x g, and discard the supernatant.  Using the same cellulose, repeat with the other tube of lysate 
supernatant. 
 
7. Add 1 mL lysate wash to the cellulose, and mix well.  Centrifuge 3 min at 4000 x g, and discard 
supernatant. 
 
8. Add 600 µL lysate wash, transfer the slurry to a spin column, and place the spin column into a 2.0 mL 
collection tube.  Centrifuge 10 s at 5000 x g.  Discard eluant. 
 
9. Retain the collection tube, and transfer the spin column to a fresh collection tube. 
 
10. Add 100 µL of 70°C THE RNA storage solution to the spin column, mix gently with a pipette tip, and 
centrifuge 10 s at 5000 x g.  Repeat with another 100 µL of 70°C THE RNA storage solution. 
 
11. Suspend the cellulose in 200 µL 2X binding solution, and mix the slurry with the eluant from the 
previous two spins. 
 
12. Heat the slurry to 70°C for 5 min, then transfer it to the spin column.  Place the spin column in the 
collection tube saved in step 8.  Centrifuge 10 s at 5000 x g, and discard the eluant. 
 
13. Add 500 µL of wash solution 1 to the cellulose, centrifuge 3 min at 4000 x g, and discard the eluant.  
Repeat twice more. 
 
14. Repeat step 12 twice with 500 µL of wash solution 2 instead of wash solution 1. 
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Appendix B.2 (Continued) 
 
15. Transfer the spin column to a fresh collection tube.  Add 100 µL of 70°C THE RNA storage solution, 
and mix gently with a pipette tip.  Centrifuge 10s at 5000 x g to elute the mRNA.  Repeat with another 
100 µL of 70°C THE RNA storage solution. 
 
16. Add 20 µL of 5 M ammonium acetate, 3 µL of (5 mg/mL) glycogen and 550 µL of 100% ethanol to 
the eluant and mix well. 
 
17. Store at -20°C for 18-22 h to precipitate mRNA (and glycogen). 
 
18. Centrifuge 20 min at 16,000 x g, and discard supernatant. 
 
19. Centrifuge 30 s at 5000 x g.  Discard supernatant. 
 
20.  Leave the tube open on ice for 15 min to dry the pellet. 
 
21. Dissolve the pellet in 10 µL of nuclease free water. 
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Appendix B.3: Retrotranscription of mRNA using a RETROscript® First Strand Synthesis Kit for RT-
PCR 
1. A RETROscript® First Strand Synthesis Kit for RT-PCR (Ambion, Austin, TX) contains: 10X RT 
buffer, dNTP mix, RNase inhibitor and Moloney murine leukemia virus reverse transcriptase (MMLV-
RT). 
 
2. Mix 10 µL of purified mRNA and 2 µL oligo(dT) primer. 
 
3. Incubate 3 min at 85°C to denature secondary structure in the mRNA. 
 
4. Add 2 µL of 10X RT buffer, 4 µL dNTP mix, 1 µL RNase inhibitor and 1 µL MMLV-RT. 
 
5.  Incubate 1 h at 42°C to reverse transcribe mRNA, then 10 min at 92°C to denature the reverse 
transcriptase. 
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Appendix B.4: Polymerase Chain Reaction 
1. Mix together the following reagents in a 200 µL reaction tube:  10 µL of 10X Reaction Buffer without 
Mg2+; 5 µL of 10 µM forward primer; 5 µL of 10 µM reverse primer; 4 µL of 50 µM MgCl2; 2 µL of 
dNTP mix (12.5 mM each dTTP, dCTP, dGTP, dATP); 1 µL of 10 mg/mL BSA; 1 µL of 1:10 cDNA; 
0.5 µL IDProof DNA Polymerase and 71.5 µL nanopure water (Total = 100 µL).  The 10X buffer, 
polymerase, and dNTPs are from ID Labs Biotechnology Inc. (London, ON, Canada).  The BSA is 
from Promega (Madison, WI).  Keep the tube on a cold block at all times.  
 
2. Mix well and split into two, 50 µL reactions. 
G3PDH Reaction Parameters: 
Transfer tubes from cold block to a thermal cycler block preheated to 80°C.  Immediately heat the block to 
95°C and hold for 2 min.  Run 45 cycles of the following: denature at 95°C for 15 s; anneal at 45°C for 30 
s; extend at 72°C for 1.25 min.  Run a final extension at 72°C for 7 minutes.  Hold at 4°C. 
SERCA Reaction Parameters: 
Transfer tubes from cold block to a thermal cycler block preheated to 80°C.  Immediately heat the block to 
95°C and hold for 2 min.  Run 45 cycles of the following: denature at 95°C for 15 s; anneal at 50°C for 1 
min; extend at 72°C for 2.5 min.  Run a final extension at 72°C for 7 min.  Hold at 4°C. 
Table B.1:  Exceptions to Standard PCR Conditions 
Species PCR Conditions 
Henricia leviuscula G3PDH: 3µL DMSO instead of 1 µL BSA; Tanneal = 50°C 
Melampus coffeus G3PDH: GlyF2-GlyR6 reamplified with GlyF1-GlyR6* 
Mercenaria campechiensis G3PDH: GlyF2-GlyR6 reamplified with GlyF1-GlyR6* 
Pseudopolydesmus serratus G3PDH: GlyF1-R6X** 
Corbicula fluminea SERCA: 1:0 cDNA 
Hypsibius dujardini SERCA: SF3.5-SR6 reamplified with SF3-SR6* 
Lecane sp. SERCA: 1:0 cDNA 
Macrocallista nimbosa SERCA: 1:0 cDNA 
Phascolion sp. SERCA: 1:0 cDNA 
Pseudoceros crozieri SERCA: 1:0 cDNA 
* These reactions were first set up using the standard reverse primer and a new forward primer positioned 
5’ to the standard forward primer.  The reactions were then run as normal.  One microliter from each 
reaction was used as template for another PCR using the set of standard primers.  Underlined sections 
contain HindIII and EcoRI restriction sites. 
SF3.5 = GAATTCAAGCTTGMNGCNYTNMARGARTA 
GlyF2 = CCGGAATTCAAGCTTTGYATHRTNGGNTCHGG 
** This PCR reaction used a specially designed reverse primer, GlyR6X, instead of the standard reverse 
primer, GlyR6.  The underlined section contains HindIII and EcoRI restriction sites. 
GlyR6X = GAATTCAAGCTTCATDSDYTCNGGRTG 
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Appendix B.5: Amplicon Purification with a QIAquick Gel Extraction Kit 
1. A QIAquick Gel Extraction Kit (QIAGEN, Valencia, CA) contains: Buffer QG, Buffer PE concentrate, 
spin columns and 2.0 mL collection tubes.  Ethanol (100%) is also required.  Add 200 mL of 100% 
ethanol to the 50 mL Buffer PE concentrate prior to use. 
 
2. Place excised gel band into a 1.5 mL centrifuge tube, and add 750 µL Buffer QG (3 volumes of Buffer 
QG to 1 volume gel; treat bands as 250 µL, which is an excess in most cases). 
 
3. Heat the capped tube to 50°C for 10 min or until agarose dissolves.  If the solution is purple or orange, 
add 3 M sodium acetate drop wise until it turns yellow. 
 
4. Transfer the dissolved gel solution to a spin column, and place the column into a collection tube. 
 
5. Centrifuge 1 min at 17,000 x g, and discard eluant. 
 
6. Add 0.5 mL Buffer QG to spin column.  Centrifuge 1 min at 17,000 x g, and discard eluant. 
 
7. Add 0.75 mL Buffer PE to the spin column.  Incubate at room temperature 5 min.  Centrifuge at 
17,000 x g for 1 min, and discard the eluant. 
 
8. Transfer the spin column to a fresh collection tube, and add 30 µL nanopure water.  Incubate 5 min at 
room temperature.  Centrifuge 1 min at 17,000 x g.  The eluant contains purified amplicon DNA. 
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Appendix B.6: Cloning with a TOPO TA Cloning Kit for Sequencing   
1. A TOPO TA Cloning Kit for Sequencing (Invitrogen, Carlsbad, CA) contains: pCR® 4-TOPO vector, 
salt solution, SOC broth and TOP10 competent E. coli cells.  The instruction manual calls for reactions 
twice the size of the one described here; however, half reactions were used consistently with 
satisfactory results. 
 
2. Place 2 µL purified amplicon DNA, 0.5 µL salt solution and 0.5 µL pCR® 4-TOPO vector in a 0.2 mL 
tube.  Mix by gently pipetting up and down. 
 
3. Incubate at room temperature.  Larger amplicons require more time.  Use 5 min for G3PDH (~1050 
bp) and 30 min for SERCA (~ 2050 bp). 
 
4. Transfer the reaction to a 1.5 mL tube.  Add half a vial (~25 µL) TOP10 E. coli competent cells.  Do 
not stir in any way; adding the larger volume to the smaller volume allows effective mixing. 
 
5. Incubate on ice 5 min for G3PDH and 30 min for SERCA. 
 
6. Place the tube of cells in a 42°C water bath for 30 s to heat shock cells. 
 
7. Remove the tube to room temperature.  Add 125 µL room temperature SOC broth. 
 
8. Incubate the cells 1 h at 37°C, shaking horizontally at 100 rpm. 
 
9. Cells are ready to plate. 
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Appendix B.7: Alkaline Lysis Mini-preparation of Plasmid with PEG Precipitation 
1. Grow bacterial cultures in 10 mL LB broth (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) with 
ampicillin (50 µg/mL) no more than 1 day prior to minipreps. 
 
2. Make the following solutions fresh before starting the miniprep.  Add 4 mg lysozyme to 1 mL alkaline 
lysis buffer (50 mM glucose, 25 mM tris pH 8, 10 mM EDTA) to make lysis solution 1.  Mix 240 µL 
of 1 N NaOH, 120 µL of 10% (w/v) SDS and 840 µL nanopure water to make lysis solution 2. 
 
3. Place 1.5 mL bacterial culture into a 1.5 mL centrifuge tube, and centrifuge at 16,000 x g for 1 min.  
Discard supernatant, and retain cells.  Repeat with another 1.5 mL of culture in the same centrifuge 
tube. 
 
4. Add 100 µL of lysis solution 1 to the pellet of cells.  Pipette the solution up and down to mix, and 
incubate 5 min at room temperature. 
 
5. Add 200 µL lysis solution 2, and mix by gently inverting the tube 3 times.  Incubate 5 min on ice. 
 
6. Add 150 µL of 3 M potassium 5 M acetate solution, and vortex the tube upside down for 20 s.  
Incubate on ice for 5 min.  Centrifuge 5 min at 16,000 x g.  Transfer supernatant to a fresh tube.  
Discard the pellet. 
 
7. Add 500 µL of water saturated phenol (pH 7.9)/chloroform/isoamyl alcohol (25:24:1) solution, and 
vortex upside down for 20 s.  Centrifuge 1min at 16,000 x g, and transfer the aqueous layer (top) to a 
fresh 1.5 mL tube. 
 
8. Add 1 mL of 100% ethanol, vortex upside down for 20 s, and incubate 20 min on ice.  Centrifuge 15 
min at 16,000 x g.  Discard supernatant.  Dry the pellet 5 min at low heat in a Savant SC110A Speed-
Vac Plus, concentrator system (Ramsey, MI) 
 
9. Dissolve the pellet in 50 µL TE RNase (3 µL of 10 mg/mL RNase A in 1 mL of 10 mM Tris, 1 mM 
EDTA pH 7.5) solution, and incubate 20 min at 37°C. 
 
10. Add 20µL PEG solution [30% (w/v) PEG 8000, 1.6 M NaCl], and mix by pipetting up and down.  
Incubate 18-22 h at 0°C.  Centrifuge 20 min at 16,000 x g, and discard the supernatant. 
 
11. Dissolve the pellet in 50 µL nanopure water.  Add 100 µL of 100% ethanol and 5 µL of 3 M sodium 
acetate pH 6.  Mix by gently pipetting up and down. 
 
12.  Incubate 30 min at -20°C.  Centrifuge 20 min at 16,000 x g minutes, and discard supernatant. 
 
13. Add 500 µL of 70% ethanol to the pellet.  Centrifuge 5 min at 16,000 x g, and discard supernatant.  
Dry the pellet 5 min at low heat in a Savant SC110A Speed-Vac Plus concentrator system (Ramsey, 
MI) 
 
14. Dissolve the pellet in 50 µL nanopure water. 
 
15. The DNA is now ready for use. 
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Appendix B.8:  Mini-preparation of Plasmid Using an Eppendorf  Perfectprep® Plasmid 96 Vac Direct 
Bind Kit  
1. A Perfectprep® Plasmid 96 Vac Direct Bind Kit from Eppendorf (Hamburg, Germany) contains: 
solution 1 (RNase A solution), solution 2 (alkaline lysis solution), solution 3 (lysate precipitation 
solution), DNA binding buffer, purification solution concentrate, nuclease free water, culture plates, 
filter plate As, filter plate DBs, plate seals, culture plates and collection plates.  An Eppendorf vacuum 
manifold with plate adaptors, 100% ethanol and LB broth (10 g/L tryptone, 5 g/L yeast extract, 5 g/L 
NaCl) with ampicillin (50 µg/mL) are also required. 
 
2. Put 1.25 mL LB broth with ampicillin in each well of a culture plate.  Incubate bacterial cultures in the 
culture plate 18-22 h at 37°C shaking at 125 rpm. 
 
3. Centrifuge the culture plate 5 min at 1900 x g to pellet the cells.  Pour off the supernatants, and blot the 
plate on a paper towel. 
 
4. Add 150 µL solution 1 to each well, and vortex to mix. 
 
5. Add 150 µL solution 2 to each well.  Elevate one end of the plate, and gently tap it for 30 s to mix.  
Rotate the plate 180°, and repeat the tapping. 
 
6. Add 150 µL solution 3 to each well.  Cover the plate with an adhesive seal, and invert 3 times to mix.  
Remove seal. 
 
7. Place a short adaptor plate in the manifold, and position a filter plate DB over the adaptor.  Close the 
manifold, and place a filter plate A into the lid of the manifold. 
 
8. Pipette the contents of the culture plate into the corresponding wells of the filter plate A.  Gently apply 
vacuum at ≤ 20 inches Hg until all the lysate is filtered.  Discard the filter plate A. 
 
9. Remove the filter plate DB and the short plate adaptor from the manifold.  Do not allow the filter plate 
DB to touch any surface.  Place the empty culture plate in the manifold, and close the lid.  Place the 
filter plate DB in the lid. 
 
10. Add 300 µL binding buffer to each well of the filter plate DB, and gently apply vacuum at ≤ 20 inches 
Hg until all the solution is filtered. 
 
11. Mix one part purification solution concentrate with three parts 100% ethanol; make 40 mL per plate.  
Add 400 µL diluted purification solution to each well, and gently apply vacuum at ≤ 20 inches Hg until 
all the solution is filtered. 
 
12. Remove the filter plate DB from the manifold, and blot it on a paper towel. 
 
13. Remove the culture plate from the manifold, and discard the contents.  Place a tall adaptor plate in the 
manifold, and place a collection plate on top of it.  Close the lid, and place the filter plate DB in the lid. 
 
14. Add 70 µL nanopure water to each well, and allow the plate to sit for 5 minutes.  Gently apply vacuum 
at ≤ 20 inches Hg until all the water is filtered.  Discard the filter plate DB.  The eluant contains 
purified plasmid. 
 
15. Remove the collection plate from the manifold, and place it in a 37°C incubator.  Allow the plate to 
dry overnight to remove any residual purification solution. 
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Appendix B.8 (Continued) 
 
16. Add 50 µL nanopure water to each well to dissolve the dried DNA. 
 
17. Cover the plate with a plate seal. 
 
18. The DNA is now ready for use. 
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Appendix B.9: DNA Sequencing on a CEQ 8000 Genetic Analysis System with a Quick Start Kit, DTCS, 
CEQ™ 
1. A Quick Start Kit, DTCS, CEQ™ (Beckman Coulter Inc., Fullerton, CA) contains: DTCS Quick Start 
Master Mix, sequence loading solution and 20 mg/mL glycogen.  Primers, 3M sodium acetate pH 5.2, 
100mM EDTA pH 8.0, 100% ethanol and 70% ethanol are also required.  The instruction manual calls 
for reactions four times the size of the one described here; however, quarter reactions were used 
consistently with satisfactory results. 
 
2. Mix 3 µL purified plasmid DNA and 2 µL nanopure water in a 0.2 mL tube, heat for 1 minute at 96oC, 
and place on ice. 
 
3. Add 3 µL of 3.2 pMol/µL primer and 2 µL DTCS Quick Start Master Mix to the tube.  Mix 
completely. 
 
4. Run 30 cycles of the following: denature at 96oC for 20 s; anneal at 50oC for 20 s and extend at 60oC 
for 4 min.  Hold at 4oC after the 30 cycles. 
 
5. Make a stop solution by mixing 2 µL of 3 M sodium acetate pH 5.2, 2 µL of 100 mM EDTA pH 8.0 
and 1 µL of 20 mg/mL glycogen. 
 
6. Add 5 µL stop solution and 60 µL of -20 oC ethanol (100% ) to the reaction, mix well, and centrifuge 
15 min at 16,000 x g at 4 oC.  Discard supernatant. 
 
7. Add 200 µL of -20 oC ethanol (70%).  Centrifuge 2 min at 16,000 x g at 4 oC.  Discard supernatant. 
 
8. Repeat step 7. 
 
9. Dry the pellet 5 min at low heat in a Savant SC110A Speed-Vac Plus concentrator system (Ramsey, 
MI) 
 
10. Dissolve the pellet in 40 µL sequence loading solution. 
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Appendix B.10: Internal Sequencing Primers for G3PDH 
 
Name/Type GIF GIR 
ACA L & ACA S GCT CTG CAG CAA CTT CT GAT TGCAAT ACG GTG GA 
AMA AAT CGG CTC ACA TGA TG ACA TCA TGT GAG CCG AT 
BCA AGA AGT TAT TCC AGA CG TTC GAC ACT TCA TAT GC 
BFL IL & BFL IS CTG TAG GAA TGA GGC TT GAC CTC CTT AGC CAG GT 
BFL IIL & BFL IIS GCT ACC ACT GTG GAG AT CTA TTG TGG TCT CAC AG 
BPL L & BPL S CTT GGT CTC ATG GAA GT ACT TCC ATG AGA CCA AG 
CVA I, CVA IIL, & CVA IIS TGT GAT GAC GAA CAG AC GGG GTC TGC ATT AAT TC 
CVI GCC TGA TGG AAA TGA TC AGC ATC TCG GCT TCA AG 
DDO CCA ATT GTT TAC GGA GT CGT AGT ATT AGA TCG GC 
ECL CCA AGA TGA AAC TGT AG GCT CGT TAG CTA CCT CA 
GPY L & GPY S TCT GAT GGG AGC CAA TA AAT CAC AGC CGC TTT GG 
LPO I CAG CAG AGA AGT TCT GT GTG TGG ATA TCA TCG AC 
LPO II CAG CAG AGA AAT TCT GC GTG TTC ATG TCA TCA CA 
MNI TGA GGA CAC TGT AGA AC ATA AGC CAT CTT CAC GA 
MOC GGC TGT CAC AAT TTG GA TCG TCA ACG ACG CAT AT 
NBI TGG ACG ATT CTA GGA CT AGG ACA TTT GCT GCC GA 
OAN  TGC TAC TGC TGT TGA AC TGG GCT TCA AAT AGA TC 
PCR CAG ACG GAT TAC TTC AG TTT AAG GCC CCG CAC AA 
PHASC IL, PHASC IS, & PHASC II ATA CTT CAG GAT CGT GG CCA CGA TCC TGA AGT AT 
POB I & POB II ACA CCG TAC TTC AGG AT ATC CTG AAG TAC GGT GT 
PVA L & PVA S GCT ACT GAA GGA CAT GC CAT ACC GTG GTT CAC GT 
SFR ATC GGC TGC GCA AAC TT GTA ATC GGT CTG CAT GA 
SHY GAA GTG GAT TCA TTC AG CTG AAT GAA TCC ACT TC 
STEN CAT GCA CTG AAA CGC TT ACA GCC AAC AGT GGC TT 
TTR L GIF2 & GIR2 (Extra Internals) CTA ATG AGG TTG CAG CA ACA GTT GTG CAT ATT CC 
CAFL  GCT AGG TTG GCC CCC AT 
DVA II  GCA AGA TTT GCC CCC AT 
HLE  GCT AGA TTA GCT CCC AT 
KTU, M.OMU, & TTR S  GCT ATA TTG GCT CCC AT 
LTE I  GCA ATG TTG GCT CCC AT 
LTE II  GCG ATG TTG GCT CCC AT 
LUVA I  GCG ATG TTG GCG CCC AT 
LUVA II  GCG ATG TTC GCA CCC AT 
NEO L & S  GCC AGG TTT GCT CCC AT 
PCAL  GCA ATA TTG GCT CCC AT 
PEGO IL, PEGO IS, PEGO IIL, PEGO IIS  GCA ATG TTG GCA CCC AT 
PLI  GCC AAG TTA GCG CCC AT 
PPS L & PPS S  GCC AGG TTA GCA CCC AT 
SME I  GCG ATG TTT GCT CCC AT 
SME II  GCG ATG TTG GCC CCC AT 
Standard Primer TGY GGN YTN AAR AA TTY TTN ARN GCN CCR CA 
Standard primers were used for all sequence types not listed in this table.  Organism abbreviations are 
found in Appendix B.12.  IF = Internal Forward (Sense Strand).  IR = Internal Reverse (Antisense Strand).  
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Appendix B.11: Internal Sequencing Primers for SERCA 
Name/Type SIF1 Name/Type SIR1 Name/Type SIR1 
ACA II  GCT GCT ATC 
CCG GAG GG 
ACA I & ACA III CCT TCG GGA 
ATT GCC GC 
LUVA III, LUVA IV, 
& LUVA V 
CCT TCT GGA 
ATC GCA GC 
ETA L & ETA S GCC GCC ATC 
CCT GAA GG 
ACA II CCC TCC GGG 
ATA GCA GC 
MMC I & MMC II CCC TCA GGG 
ATA GCA GC 
HDU GCC GCC ATC 
CCC GAG GG 
AMA, COFL, & 
LUVA VI 
CCT TCT GGG 
ATG GCA GC 
MNI CCC TCT GGG 
ATA GCG GC 
LECA GCT GCT ATT 
CCG GAA GG 
AOC & POB I CCC TCG GGG 
ATA GCA GC 
MOC I, MOC II, & 
SGR 
CCT TCT GGT 
ATA GCT GC 
LUVA II GCT GCA AGG 
CCA GAA GG 
BFL (SIR1ALT) GAT AAC GAC 
TCC ACT GC 
MQU CCC TCT GGG 
ATG GCT GC 
MMC I GCT GCT ATC 
CCT GAG GG 
BNE CCT TCC GGG 
ATG GCA GC 
NBI CCT TCA GGA 
ATG GCC GC 
NBI GCG GCC ATT 
CCT GAA GG 
BPL CCC TCC GGG 
ATG GCG GC 
NEO CCC TCT GGG 
ATA GCA GC 
PEGO IV GCT GCC ATC 
CCT GAG GG 
CAFL CCC TCA GGG 
ATG GCA GC 
PBA & PSE CCT TCA GGG 
ATG GCA GC 
PHIL III, PHIL 
IV, & PHIL V 
GCT GCC ATT 
CCC GAG GG 
CGR & LUVA I CCT TCT GGG 
ATA GCT GC 
PCAL & SDE CCT TCG GGG 
ATG GCA GC 
POB II GCT GCC ATC 
CCC GAG GG 
CVA, DDO I, & MCA CCT TCT GGG 
ATA GCA GC 
PCR CCT TCA GGG 
ATA GCG GC 
HDU (SIF1.5) GAC CAT GAG 
AAC CTG GT 
CVI CCT TCT GGG 
ATA GCC GC 
PEGO I, PEGO II, 
PEGO III, PEGO IV, 
& SDR 
CCC TCA GGG 
ATG GCA GC 
NBI (SIF1.5) CAT GTG TAA 
CGA CTC CA 
DDO II (SIR1ALT) AGA CGC TAC 
ATT CGT GC 
PHASC CCT TCG GGA 
ATG GCA GC 
Standard Primer GCN GCN ATH 
CCN GAR GG 
DTE I CCC TCA GGA 
ATG GCG GC 
PHGO & TSE CCT TCA GGG 
ATA GCT GC 
  DTE II CCT TCT GGA 
ATA GCT GC 
PHIL I CCT TCC GGA 
ATA GCC GC 
  DVA & LSA L CCT TCA GGG 
ATA GCA GC 
PHIL II, PMA I, & 
PMA II 
CCC TCG GGA 
ATG GCA GC 
  ETA L & ETA S CCT TCA GGG 
ATG GCG GC 
PHIL III, PHIL IV, & 
PHIL V (SIR1ALT) 
TAG TAG ATA 
GCA CCA CG 
  GPY CCC TCG GGT 
ATA GCT GC 
PLI CCT TCG GGA 
ATT GCA GC 
  HDU (SIR1ALT) GGT CGT TGA 
AGT GAC CA 
POB II CCC TCG GGG 
ATG GCA GC 
  LECA CCT TCC GGA 
ATA GCA GC 
SFR CCT TCC GGA 
ATG GCG GC 
  LITH, OAN I, OAN 
II, & SHY L 
CCT TCA GGA 
ATA GCA GC 
STEN CCC TCA GGA 
ATA GCA GC 
  LPO IL CCT TCT GGA 
ATA GCA GC 
SVE CCC TCA GGG 
ATG GCG GC 
  LPO II, LTEI, & LTE 
II 
CCT TCT GGA 
ATG GCA GC 
TTR I CCT TCA GGT 
ATA GCT GC 
  LSE CCC TCT GGG 
ATG GCA GC 
TTR II CCC TCT GGA 
ATG GCC GC 
  LTE V CCT TCC GGA 
ATA GCG GC 
XIN I CCT TCC GGG 
ATA GCA GC 
  LTE VI (SIR1ALT) CCA GTT CCA 
ATG ACG AT 
XIN II (SIR1ALT) TGT TGA TGG 
CCC ACA CA 
  LUVA II CCT TCT GGA 
ATT GCA GC 
Standard Primer CCY TCN GGD 
ATN GCN GC 
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Name/Type SIF2 Name/Type SIF2 Name/Type SIR2 
ACA I & ACA III GTC GGT GAA 
GCG ACA GA 
MMC I & MMC II ATC GGA GAG 
CCT ACT GA 
COFL TCG GTG GCT 
TCA CCA AT 
ACA II GTC GGA GAA 
GCG ACG GA 
MNI GTT GGT GAG 
GCC ACA GA 
ETA L TCA GTG GCC 
TCA CCG AC 
AMA (SIF2ALT) TGA GGG TGT 
ACT GGA CA 
MOC I & MOC II GTG GGT GAG 
GCC ACT GA 
LECA TCG GTG GCC 
TCA CCG AC 
AOC GTT GGC GAG 
GCC ACT GA 
MQU & DVA GTG GGT GAG 
GCT ACA GA 
LTE I TCT GTT GCT 
TCT CCA AT 
BFL & LPO IL GTG GGT GAG 
GCC ACA GA 
NBI (SIF2ALT) ATG AAA CAC 
GTG GCT GC 
LTE II TCT GTC GCC 
TCT CCA AT 
BNE GTA GGG GAG 
GCT ACG GA 
NEO & ETA L GTC GGT GAG 
GCC ACT GA 
LUVA I TCA GTT GCC 
TCG CCA AC 
BPL & XIN II GTG GGC GAA 
GCG ACC GA 
OAN I GTC GGC GAG 
TCC ACC GA 
LUVA V 
(SIR2ALT) 
GAT GAG TTC 
CGT ACT GA 
CAFL GTA GGT GAG 
GCC ACT GA 
OAN II GTC GGC GAG 
TCC ACT GA 
MMC I & MMC 
II 
TCA GTA GGC 
TCT CCG AT 
CGR GTG GGC GAA 
GCA ACT GA 
PBA GTA GGT GAA 
GCT ACC GA 
PMA I TCG GTG GCT 
TCG CCG AC 
COFL ATT GGT GAA 
GCC ACC GA 
PCAL GTG GGT GAG 
GCT ACT GA 
POB II TCG GTG GCC 
TCT CCG AC 
CVA GTT GGA GAG 
GCC ACA GA 
PEGO I, PEGO II, & 
PEGO III 
GTG GGA GAA 
GCC ACT GA 
SDE TCG GTA GCT 
TCG CCG AC 
CVI GTA GGA GAG 
GCT ACG GA 
PHGO GTT GGA GAA 
GCT ACA GA 
TSE TCA GTC GCC 
TCG CCA AC 
DDO I GTC GGC GAA 
GCA ACA GA 
PHIL I (SIF2ALT) ATC GAC GAC 
TGG TGG AT 
TTR II TCT GTC GGT 
TCT CCA AT 
DDO II, PEGO IV, & 
PHASC 
GTG GGA GAG 
GCC ACA GA 
PHIL II, PHIL III, 
PHIL IV, & PHIL V 
GTT GGT GAA 
GCT ACG GA 
PHIL IV 
(SIR2.5ALT) 
CAC TCC GAT 
CAG CAC AG 
DTE I GTC GGA GAG 
GCC ACT GA 
PLI GTT GGC GAA 
GCT ACC GA 
Standard Primer TCN GTN GCY 
TCN CCN AC 
DTE II GTG GGT GAA 
GCA ACA GA 
PMA I GTC GGC GAA 
GCC ACC GA 
  
GPY GTT GGT GAA 
GCA ACC GA 
PMA II GTT GGA GAG 
TCT ACA GA 
  
HDU (SIF2ALT) GTA TGT CCG 
CAT CAA CG 
POB I & POB II GTC GGA GAG 
GCC ACC GA 
  
LECA (SIF2ALT) TTG ACC TCG 
AGG ACT CG 
PSE GTG GGA GAA 
GCT ACC GA 
  
LITH GTG GGT GAG 
GCA ACT GA 
SDE GTC GGC GAA 
GCT ACC GA 
  
LPO II GTG GGT GGA 
GCT ACA GA 
SDR GTC GGT GAG 
GCG ACC GA 
  
LSA L GTC GGT GAA 
GCT ACA GA 
SFR (SIF2ALT) GAG ATC ATC 
AAA CTG TG 
  
LSE GTG GGC GAG 
GCC ACT GA 
SGR GTT GGT GAG 
GCA ACT GA 
  
LTE I & LTE VI ATT GGA GAA 
GCA ACA GA 
SHY L & PCR GTT GGT GAA 
GCC ACT GA 
  
LTE II ATT GGA GAG 
GCG ACA GA 
STEN GTT GGC GAG 
GCT ACT GA 
  
LTE III GTG GGA GAG 
GCG ACA GA 
SVE GTT GGC GAG 
GCG ACA GA 
  
LTE IV GTG GGT GAG 
GCG ACG GA 
TSE GTT GGC GAG 
GCG ACT GA 
  
LTE V GTT GGA GAG 
GCC ACG GA 
TTR I GTA GGT GAG 
GCT ACA GA 
  
LUVA I GTT GGC GAG 
GCA ACT GA 
TTR II ATT GGA GAA 
CCG ACA GA 
  
LUVA II, LUVA III, 
& LUVA IV 
GTA GGT GAA 
GCA ACG GA 
XIN I GTT GGA GAA 
GCG ACT GA 
  
LUVA V (SIF2ALT) CAA TGA CTC 
CAC AGT TG 
PHIL IV (SIF2.5ALT) AGT TTT CAC 
GTG ATC GA 
  
MCA GTG GGT GAA 
GCC ACG GA 
Standard Primer GTN GGN GAR 
GCN CAN GA 
  
 182 
Appendix B.11 (Continued) 
 
Name/Type SIF3 Name/Type SIR3 
ETA L (SIF3ALT) GCC GTG AGT 
TTG ACG AA 
ACA I (SIR3ALT) TCG CCT CAG 
ACT TCG AA 
LPO IL ATT ACT GGT 
GAC AAC AA 
CVI TTG TTA TCT 
CCT GTG AT 
LUVA I ATC ACC GGA 
GAT AAC AA 
LECA TTG TTG TCA 
CCA GTG AT 
LUVA IV, LUVA V, & LUVA VI ATC ACA GGA 
GAC AAC AA 
LTE III TTA TTG TCT 
CCT GTG AT 
MMC I ATT ACT GGT 
GAT AAC AA 
LUVA I TTG TTA TCT 
CCG GTG AT 
PCR ATC ACT GGT 
GAT AAC AA 
LUVA IV, LUVA V, & LUVA VI TTG TTG TCT 
CCT GTG AT 
SFR ATC ACT GGT 
GAT AAC AA 
MMC I & MMC II TTG TTA TCA 
CCA GTA AT 
Standard Primers ATH CAN GGN 
GAY AAY AA 
MOC I  TTG TTA TYA 
CCA GTG AT 
  OAN I & OAN II TTG TTG TCT 
CCT GTA AT 
  PCR TTG TTA TCA 
CCA GTG AT 
  PEGO III TTA TTG TCT 
CCA GTG AT 
  PHIL I TTG TTA TCA 
CCA GTG AT 
  PHIL III, PHIL IV, & PHIL V (SIR3ALT) GAT ACC AGC 
ATT TCG AC 
  PMA I TTG TTA TCA 
CCG GTT AT 
  SGR TTA TTA TCT 
CCA GTT AT 
  Standard Primers TTR TTR TCN 
CCN GTD AT 
Standard primers were used for all sequence types not listed in this table.  Organism abbreviations are 
found in Appendix B.12.  IF = Internal Forward (Sense Strand).  IR = Internal Reverse (Antisense Strand).  
ALT denotes a primer not in the standard position. 
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Appendix B.12: Species Abbreviations Used for Type and Primer Denotations 
Species Abbreviation Species Abbreviation 
Amphiporus ochraceus AOC Mnemiopsis mccradyi MMC 
Anurida maritima AMA Molgula occidentalis MOC 
Aplidium californicum ACA Mopalia muscosa MOMU 
Bdelloura candida BCA Nemertopsis bivittata NBI 
Brachionus plicatilis BPL Neolineus sp. NEO 
Branchiostoma floridae BFL Ophiothrix angulata OAN 
Bugula neritina BNE Parastichopus californicus PCAL 
Carditamera floridana CAFL Pectinaria gouldi PEGO 
Chaetopterus variopedatus CVA Pectinatella magnifica PMA 
Childia groenlandica CGR Phascolion sp. PHASC 
Corbicula fluminea COFL Phascolopsis gouldi PHGO 
Crassostrea virginica CVI Philodina sp. PHIL 
Dolomedes tenebrosus DTE Phoronis psammophila PSA 
Donax variabilis DVA Phoronis vancouverensis PVA 
Dugesia dorotocephala DDO Podarke obscura POB 
Elysia clarki ECL Pseudoceros crozieri PCR 
Emerita talpoida ETA Pseudopolydesmus serratus PSE 
Glottidia pyramidata GPY Ptychodera bahamensis PBA 
Henricia leviuscula HLE Pycnogonum littorale PLI 
Hypsibius dujardini HDU Sabella melanostigma SME 
Katharina tunicata KTU Saccoglossus bromophenolosus SBR 
Lecane sp. LECA Serpula vermicularis SVE 
Lepisma saccharina LSA Sphaeroma destructor SDE 
Limulus polyphemus LPO Stellata grubii SGR 
Lithobius sp. LITH Stenostomum sp. STEN 
Luidia senegalensis LSE Strongylocentrotus droebachiensis SDR 
Lumbriculus variegatus LUVA Stylochus frontalis SFR 
Lumbricus terrestris LTE Synaptula hydriformis SHY 
Macrocallista nimbosa MNI Terebratulina septentrionalis TSE 
Melampus coffeus MCO Terebratalia transversa TTR 
Mellita quinquiesperforata MQU Xiphinema index XIN 
Mercenaria campechiensis MCA   
When more than one type variant was recovered for a species, Roman numerals were appended to the 
abbreviation to denote the specific type.  For size variants, L, S, and SS were added to the end of the 
abbreviation to denote long (L), short (S) and super short (SS).  These additions were also used in 
combination with one another. 
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Appendix B.13:  SERCA Sequences Used in this Study 
Major Group Species AA DNA Notes 
Annelida: Oligochaeta Lumbriculus variegatus I This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbriculus variegatus II This Study This Study Both AA and DNA Used 
Annelida: Oligochaeta Lumbriculus variegatus 
III 
This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbriculus variegatus 
IV 
This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbriculus variegatus V This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbriculus variegatus 
VI 
This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbricus terrestris I This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbricus terrestris II This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbricus terrestris III This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbricus terrestris IV This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbricus terrestris V This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbricus terrestris VI This Study This Study Both AA and DNA Used 
Annelida: Polychaeta Chaetopterus 
variopedatus 
This Study This Study Both AA and DNA Used 
Annelida: Polychaeta Pectinaria gouldi I This Study This Study Both AA and DNA Used 
Annelida: Polychaeta Pectinaria gouldi II This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Pectinaria gouldi III This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Pectinaria gouldi IV This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Podarke obscura I This Study This Study Both AA and DNA Used 
Annelida: Polychaeta Podarke obscura II This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Serpula vermicularis This Study This Study Both AA and DNA Used 
Arthropoda: Arachnida Dolomedes tenebrosus I This Study This Study Both AA and DNA Used 
Arthropoda: Arachnida Dolomedes tenebrosus II This Study This Study Only AA Used:  Duplication Tree 
Arthropoda: 
Branchiopoda 
Artemia franciscana P35316 X51674 GenBank: Both AA and DNA Used 
Arthropoda: 
Branchiopoda 
Daphnia pulex JGI_219234 JGI_219234 Joint Genome Institute: Both AA and 
DNA Used 
Arthropoda: Chilopoda Lithobius sp. This Study This Study Both AA and DNA Used 
Arthropoda: Collembola Anurida maritima This Study This Study Both AA and DNA Used 
Arthropoda: Diplopoda Pseudopolydesmus 
serratus 
This Study This Study Both AA and DNA Used 
Arthropoda: Insecta Apis mellifera XP_393851 XM_393851 GenBank: Both AA and DNA Used 
Arthropoda: Insecta Drosophila melanogaster NP_476832 NM_057484 GenBank: Both AA and DNA Used 
Arthropoda: Insecta Heliothis virescens AAD09820 AF115572 GenBank: Both AA and DNA Used 
Arthropoda: Insecta Lepisma saccharina L This Study This Study Both AA and DNA Used 
Arthropoda: Insecta Tribolium castaneum XP_975930 XM_970837 GenBank: Both AA and DNA Used 
Arthropoda: 
Malacostraca 
Emerita talpoida L This Study This Study Both AA and DNA Used 
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Major Group Species AA DNA Notes 
Arthropoda: 
Malacostraca 
Panulirus argus AAW22143 AY702617 GenBank: Both AA and DNA Used 
Arthropoda: 
Malacostraca 
Porcellio scaber AAN77377 AY158663 GenBank: Both AA and DNA Used 
Arthropoda: 
Malacostraca 
Procambarus clarkii AAB82290 AF025848 GenBank: Both AA and DNA Used 
Arthropoda: 
Malacostraca 
Sphaeroma destructor This Study This Study Both AA and DNA Used 
Arthropoda: 
Merostomata 
Limulus polyphemus II This Study This Study Only AA Used:  Duplication Tree 
Arthropoda: 
Merostomata 
Limulus polyphemus IL This Study This Study Both AA and DNA Used 
Arthropoda: 
Pycnogonida 
Pycnogonum littorale This Study This Study Both AA and DNA Used 
Brachiopoda Glottidia pyramidata This Study This Study Both AA and DNA Used 
Brachiopoda Terebratulina 
septentrionalis 
This Study This Study Both AA and DNA Used 
Brachiopoda Terebratalia transversa This Study This Study Both AA and DNA Used 
Chordata: 
Cephalochordata 
Branchiostoma floridae This Study This Study Both AA and DNA Used 
Chordata: Urochordata Aplidium californicum I This Study This Study Only AA Used:  Duplication Tree 
Chordata: Urochordata Aplidium californicum 
II 
This Study This Study Only AA Used:  Duplication Tree 
Chordata: Urochordata Aplidium californicum 
III 
This Study This Study Both AA and DNA Used 
Chordata: Urochordata Ciona intestinalis I JGI_207981 JGI_207981 Both AA and DNA Used 
Chordata: Urochordata Ciona intestinalis II JGI_250190  Only AA Used:  Duplication Tree 
Chordata: Urochordata Halocynthia roretzi BAC53586 AB098506 GenBank: Both AA and DNA Used 
Chordata: Urochordata Molgula occidentalis I This Study This Study Both AA and DNA Used 
Chordata: Vertebrata Bos taurus XP_612129 XM_612129 GenBank: SERCA2: Both AA and 
DNA Used 
Chordata: Vertebrata Bos taurus 1 NP_001069235  GenBank: SERCA1: Only AA Used:  
Duplication Tree 
Chordata: Vertebrata Bos taurus 3 XP_589807  GenBank: SERCA3: Only AA Used:  
Duplication Tree 
Chordata: Vertebrata Canis familiaris NP_001003214 NM_001003214 GenBank: SERCA2: Both AA and 
DNA Used 
Chordata: Vertebrata Canis familiaris 1 XP_860010  GenBank: SERCA1: Only AA Used:  
Duplication Tree 
Chordata: Vertebrata Canis familiaris 3 XP_854556  GenBank: SERCA3: Only AA Used:  
Duplication Tree 
Chordata: Vertebrata Danio rerio NP_001025448 NM_001030277 GenBank: SERCA2: Both AA and 
DNA Used 
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Major Group Species AA DNA Notes 
Chordata: 
Vertebrata 
Danio rerio 3 CAM15347  GenBank: SERCA3: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Danio rerio 1I NP_001007030  GenBank: SERCA1: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Danio rerio 1II NP_001071001  GenBank: SERCA1: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Gallus gallus AAA49066  GenBank: SERCA2: Both AA and DNA Used 
Chordata: 
Vertebrata 
Gallus gallus 1 NP_990850  GenBank: SERCA1: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Gallus gallus 3 NP_990222  GenBank: SERCA3: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Homo sapiens NP_001672 NM_001681 GenBank: SERCA2: Both AA and DNA Used 
Chordata: 
Vertebrata 
Homo sapiens 1 NP_004311  GenBank: SERCA1: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Homo sapiens 3 NP_005164  GenBank: SERCA3: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Monodelphis 
domestica 
XP_001363869  GenBank: SERCA2: Both AA and DNA Used 
Chordata: 
Vertebrata 
Monodelphis 
domestica 1 
XP_001369144  GenBank: SERCA1: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Mus musculus NP_033852 NM_009722 GenBank: SERCA2: Both AA and DNA Used 
Chordata: 
Vertebrata 
Mus musculus 1 NP_031530  GenBank: SERCA1: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Mus musculus 3 BAC40903  GenBank: SERCA3: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Takifugu rubripes JGI_597459 JGI_597459 Joint Genome Institute: SERCA2: Both AA and 
DNA Used 
Chordata: 
Vertebrata 
Takifugu rubripes 3 JGI_603654  Joint Genome Institute: SERCA3: Only AA Used:  
Duplication Tree 
Chordata: 
Vertebrata 
Takifugu rubripes 1I JGI_751533  Joint Genome Institute: SERCA1: Both AA and 
DNA Used 
Chordata: 
Vertebrata 
Takifugu rubripes 1II JGI_755354  Joint Genome Institute: SERCA1: Both AA and 
DNA Used 
Chordata: 
Vertebrata 
Xenopus laevis AAI33186 BC133185 GenBank: SERCA2: Both AA and DNA Used 
Chordata: 
Vertebrata 
Xenopus laevis 1 AAH44063  GenBank: SERCA1: Only AA Used:  Duplication 
Tree 
Chordata: 
Vertebrata 
Xenopus laevis 3 AAH84962  GenBank: SERCA3: Only AA Used:  Duplication 
Tree 
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Major Group Species AA DNA Notes 
Cnidaria: Anthozoa Nematostella vectensis JGI_160437 JGI_160437 Joint Genome Institute: Both AA 
and DNA Used 
Ctenophora Mnemiopsis mccradyi I This Study This Study Both AA and DNA Used 
Echinodermata: 
Asteroidea 
Luidia senegalensis This Study This Study Both AA and DNA Used 
Echinodermata: 
Echinoidea 
Mellita quinquiesperforata This Study This Study Both AA and DNA Used 
Echinodermata: 
Echinoidea 
Strongylocentrotus 
droebachiensis 
This Study This Study Both AA and DNA Used 
Echinodermata: 
Holothuroidea 
Parastichopus californicus This Study This Study Both AA and DNA Used 
Echinodermata: 
Holothuroidea 
Synaptula hydriformis L This Study This Study Both AA and DNA Used 
Echinodermata: 
Ophiuroidea 
Ophiothrix angulata I This Study This Study Both AA and DNA Used 
Ectoprocta: 
Gymnolaemata 
Bugula neritina This Study This Study Both AA and DNA Used 
Ectoprocta: 
Phylactolaemata 
Pectinatella magnifica I This Study This Study Both AA and DNA Used 
Ectoprocta: 
Phylactolaemata 
Pectinatella magnifica II This Study This Study Only AA Used:  Duplication Tree 
Hemichordata Ptychodera bahamensis This Study This Study Only AA Used:  Duplication Tree 
Mollusca: Bivalvia Corbicula fluminea This Study This Study Both AA and DNA Used 
Mollusca: Bivalvia Crassostrea virginica This Study This Study Both AA and DNA Used 
Mollusca: Bivalvia Macrocallista nimbosa This Study This Study Both AA and DNA Used 
Mollusca: Bivalvia Mercenaria campechiensis This Study This Study Both AA and DNA Used 
Mollusca: Gastropoda Lottia gigantea JGI_228340 JGI_228340 Joint Genome Institute: Both AA 
and DNA Used 
Nematoda Caenorhabditis briggsae CAE71397 CAAC01000088 GenBank: Both AA and DNA 
Used 
Nematoda Caenorhabditis elegans NP 499385 NM_066984 GenBank: Both AA and DNA 
Used 
Nematoda Xiphinema index I This Study This Study Only AA Used:  Duplication Tree 
Nematoda Xiphinema index II This Study This Study Both AA and DNA Used 
Nemertea Amphiporus ochraceus This Study This Study Both AA and DNA Used 
Nemertea Nemertopsis bivittata This Study This Study Both AA and DNA Used 
Nemertea Neolineus sp This Study This Study Both AA and DNA Used 
Platyhelminthes: Acoela Childia groenlandica This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Catenulida 
Stenostomum sp This Study This Study Both AA and DNA Used 
Platyhelminthes:  Schistosoma mansoni I AAC72756  GenBank: Both AA and DNA 
Used 
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Major Group Species AA DNA Notes 
Platyhelminthes: 
Trematoda 
Schistosoma mansoni 
II 
AAA96714  GenBank: Only AA Used:  
Duplication Tree 
Platyhelminthes: 
Polycladida 
Pseudoceros crozieri This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Polycladida 
Stylochus frontalis This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Tricladida 
Dugesia 
dorotocephala I 
This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Tricladida 
Dugesia 
dorotocephala II 
This Study This Study Only AA Used:  Duplication Tree 
Porifera: Demospongiae Stellata grubii This Study This Study Both AA and DNA Used 
Rotifera: Bdelloidea Philodina sp I This Study This Study Only AA Used:  Duplication Tree 
Rotifera: Bdelloidea Philodina sp II This Study This Study Both AA and DNA Used 
Rotifera: Bdelloidea Philodina sp III This Study This Study Only AA Used:  Duplication Tree 
Rotifera: Bdelloidea Philodina sp IV This Study This Study Only AA Used:  Duplication Tree 
Rotifera: Bdelloidea Philodina sp V This Study This Study Only AA Used:  Duplication Tree 
Rotifera: Monogononta Brachionus plicatilis This Study This Study Both AA and DNA Used 
Rotifera: Monogononta Lecane sp This Study This Study Both AA and DNA Used 
Sipuncula Phascolion sp This Study This Study Both AA and DNA Used 
Sipuncula Phascolopsis gouldi This Study This Study Both AA and DNA Used 
Tardigrada Hypsibius dujardini This Study This Study Both AA and DNA Used 
Choanoflagellata Monosiga brevicollis JGI_7291 JGI_7291 Joint Genome Institute: Both AA and 
DNA Used 
Fungi: Ascomycota Cryptococcus 
neoformans 
XP_572412 XM_572412 GenBank: Both AA and DNA Used 
Fungi: Basidiomycota Neosartorya fischeri XP_001257791 XM_001257790 GenBank: Both AA and DNA Used 
These sequences were employed to generate various trees used in this study.  Several amino acid sequences 
were only used in the SERCA Multi-form Sequences Tree (Figure 4.6) in collapsed clades and thus do not 
appear as named here.  Sequences obtained from the Joint Genome Institution have had the letters JGI 
appended to the beginning of the reference numbers for ease of identification. 
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Appendix B.14: G3PDH Sequences Used in this Study 
Major Group Species AA DNA Notes 
Annelida: Oligochaeta Lumbriculus variegatus I This Study This Study Only AA Used:  Duplication Tree 
Annelida: Oligochaeta Lumbriculus variegatus II This Study This Study Both AA and DNA Used 
Annelida: Oligochaeta Lumbricus terrestris I This Study This Study Both AA and DNA Used 
Annelida: Oligochaeta Lumbricus terrestris II This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Chaetopterus variopedatus 
I 
This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Chaetopterus variopedatus 
IIL 
This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Chaetopterus variopedatus 
IIS 
This Study This Study Both AA and DNA Used 
Annelida: Polychaeta Pectinaria gouldi IL This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Pectinaria gouldi IS This Study This Study Both AA and DNA Used 
Annelida: Polychaeta Podarke obscura I This Study This Study Only AA Used:  Duplication Tree 
Annelida: Polychaeta Podarke obscura II This Study This Study Both AA and DNA Used 
Annelida: Polychaeta Sabella melanostigma I This Study This Study Both AA and DNA Used 
Arthropoda: 
Branchiopoda 
Daphnia pulex JGI_212011 JGI_212011 JGI: Both AA and DNA Used 
Arthropoda: Collembola Anurida maritima This Study This Study Both AA and DNA Used 
Arthropoda: Diplopoda Pseudopolydesmus serratus This Study This Study Both AA and DNA Used 
Arthropoda: Insecta Apis mellifera AAC14552 AF023666 GenBank: Both AA and DNA Used 
Arthropoda: Insecta Bombyx mori BAD38675 AB164061 GenBank: Both AA and DNA Used 
Arthropoda: Insecta Drosophila melanogaster I NP_476567 NM_057219 GenBank: Both AA and DNA Used 
Arthropoda: Insecta Drosophila melanogaster II NP_732726  GenBank: Only AA Used:  
Duplication Tree 
Arthropoda: Insecta Drosophila melanogaster 
III 
AAL90169  GenBank: Only AA Used:  
Duplication Tree  
Arthropoda: Insecta Drosophila pseudoobscura 
I 
AAB02947  Only AA Used:  Duplication Tree 
Arthropoda: Insecta Drosophila pseudoobscura 
II 
XP_001358732  GenBank: Only AA Used:  
Duplication Tree 
Arthropoda: Insecta Drosophila pseudoobscura 
III 
XP_001360397  GenBank: Only AA Used:  
Duplication Tree 
Arthropoda: Insecta Lepisma saccharina This Study This Study Both AA and DNA Used 
Arthropoda: Insecta Locusta migratoria AAD05301 AF083952 GenBank: Both AA and DNA Used 
Arthropoda: Insecta Tribolium castaneum XP_975007 XM_969914 GenBank: Both AA and DNA Used 
Arthropoda: 
Malacostraca 
Emerita talpoida This Study This Study Both AA and DNA Used 
Arthropoda: 
Malacostraca 
Sphaeroma destructor This Study This Study Both AA and DNA Used 
Arthropoda: 
Merostomata 
Limulus polyphemus I This Study This Study Only AA Used:  Duplication Tree 
Arthropoda: 
Merostomata 
Limulus polyphemus II This Study This Study Both AA and DNA Used 
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Appendix B.14 (Continued) 
 
Major Group Species AA DNA Notes 
Arthropoda: 
Pycnogonida 
Pycnogonum littorale This Study This Study Both AA and DNA Used 
Brachiopoda Glottidia pyramidata L This Study This Study Only AA Used:  Duplication Tree 
Brachiopoda Glottidia pyramidata S This Study This Study Both AA and DNA Used 
Brachiopoda Terebratulina 
septentrionalis 
This Study This Study Both AA and DNA Used 
Brachiopoda Terebratalia 
transversa L 
This Study This Study Only AA Used:  Duplication Tree 
Brachiopoda Terebratalia 
transversa S 
This Study This Study Both AA and DNA Used 
Chordata: 
Cephalochordata 
Branchiostoma 
floridae IL 
This Study This Study Only AA Used:  Duplication Tree 
Chordata: 
Cephalochordata 
Branchiostoma 
floridae IS 
This Study This Study Both AA and DNA Used 
Chordata: 
Urochordata 
Aplidium californicum 
L 
This Study This Study Both AA and DNA Used 
Chordata: 
Urochordata 
Aplidium californicum 
S 
This Study This Study Only AA Used:  Duplication Tree 
Chordata: 
Urochordata 
Ciona intestinalis JGI_206145 JGI_206145 Joint Genome Institute: Both AA and 
DNA Used 
Chordata: 
Urochordata 
Molgula occidentalis This Study This Study Both AA and DNA Used 
Chordata: Vertebrata Bos taurus AAI05514 BC105513 GenBank: G3PDH: Both AA and DNA 
Used 
Chordata: Vertebrata Bos taurus GL XP_592315  GenBank: G3PDH-Like: Only AA 
Used:  Duplication Tree 
Chordata: Vertebrata Canis familiaris XP_850380 XM_845287 GenBank: G3PDH: Both AA and DNA 
Used 
Chordata: Vertebrata Canis familiaris GL XP_542745  GenBank: G3PDH-Like: Only AA 
Used:  Duplication Tree 
Chordata: Vertebrata Danio rerio NP_999918  GenBank: G3PDH-Like: Only AA 
Used:  Duplication Tree 
Chordata: Vertebrata Danio rerio I NP_001017709 NM_001017709 GenBank: G3PDH: Both AA and DNA 
Used 
Chordata: Vertebrata Danio rerio II NP_956000  GenBank: G3PDH: Only AA Used:  
Duplication Tree 
Chordata: Vertebrata Homo sapiens NP_005267 NM_005276 GenBank: G3PDH: Both AA and DNA 
Used 
Chordata: Vertebrata Homo sapiens GL NP 055956  GenBank: G3PDH-Like: Only AA 
Used:  Duplication Tree 
Chordata: Vertebrata Mus musculus AAH05756 BC005756 GenBank: G3PDH: Both AA and DNA 
Used 
Chordata: Vertebrata Mus musculus GL BAD32164  GenBank: G3PDH-Like: Only AA 
Used:  Duplication Tree 
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Major Group Species AA DNA Notes 
Chordata: Vertebrata Takifugu rubripes I O57656 U72484 GenBank: G3PDH: Both AA and DNA 
Used 
Chordata: Vertebrata Takifugu rubripes II JGI_749663  Joint Genome Institute: G3PDH: Only AA 
Used:  Duplication Tree 
Chordata: Vertebrata Takifugu rubripes GL JGI_621982  Joint Genome Institute: G3PDH-Like: 
Only AA Used:  Duplication Tree 
Chordata: Vertebrata Xenopus laevis AAH77965 BC077965 GenBank: G3PDH: Both AA and DNA 
Used 
Chordata: Vertebrata Xenopus laevis GL AAH47958  GenBank: G3PDH-Like: Only AA Used:  
Duplication Tree 
Cnidaria: Anthozoa Nematostella vectensis I JGI_156868 JGI_156868 Joint Genome Institute: Both AA and DNA 
Used 
Cnidaria: Anthozoa Nematostella vectensis II JGI_240847  Joint Genome Institute: Only AA Used:  
Duplication Tree 
Echinodermata: 
Asteroidea 
Henricia leviuscula This Study This Study Both AA and DNA Used 
Echinodermata: 
Echinoidea 
Mellita quinquiesperforata This Study This Study Both AA and DNA Used 
Echinodermata: 
Echinoidea 
Strongylocentrotus 
droebachiensis 
This Study This Study Both AA and DNA Used 
Echinodermata: 
Holothuroidea 
Parastichopus californicus This Study This Study Both AA and DNA Used 
Echinodermata: 
Holothuroidea 
Synaptula hydriformis This Study This Study Both AA and DNA Used 
Echinodermata: 
Ophiuroidea 
Ophiothrix angulata This Study This Study Both AA and DNA Used 
Hemichordata Saccoglossus 
bromophenolosus 
This Study This Study Both AA and DNA Used 
Mollusca: Bivalvia Carditamera floridana This Study This Study Only AA Used:  Duplication Tree 
Mollusca: Bivalvia Corbicula fluminea I This Study This Study Only AA Used:  Duplication Tree 
Mollusca: Bivalvia Corbicula fluminea II This Study This Study Both AA and DNA Used 
Mollusca: Bivalvia Crassostrea virginica This Study This Study Both AA and DNA Used 
Mollusca: Bivalvia Donax variabilis This Study This Study Only AA Used:  Duplication Tree 
Mollusca: Bivalvia Macrocallista nimbosa This Study This Study Both AA and DNA Used 
Mollusca: Bivalvia Mercenaria campechiensis This Study This Study Both AA and DNA Used 
Mollusca: Gastropoda Elysia clarki This Study This Study Both AA and DNA Used 
Mollusca: Gastropoda Lottia gigantea I JGI_94037 JGI_94037 Joint Genome Institute: Both AA and DNA 
Used 
Mollusca: Gastropoda Lottia gigantea II JGI_164484  Joint Genome Institute: Only AA Used:  
Duplication Tree 
Mollusca: Gastropoda Melampus coffeus This Study This Study Both AA and DNA Used 
Mollusca: 
Polyplacophora 
Katharina tunicata This Study This Study Both AA and DNA Used 
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Major Group Species AA DNA Notes 
Mollusca: Polyplacophora Mopalia mucosa This Study This Study Both AA and DNA Used 
Nematoda Caenorhabditis briggsae 
I 
CAE65098 CAAC01000045 GenBank: Both AA and DNA Used 
Nematoda Caenorhabditis briggsae 
II 
CAE71830  GenBank: Only AA Used:  
Duplication Tree 
Nematoda Caenorhabditis elegans I NP 499188 NM_066787 GenBank: Both AA and DNA Used 
Nematoda Caenorhabditis elegans 
II 
NP 493454  GenBank: Only AA Used:  
Duplication Tree 
Nemertea Amphiporus ochraceus This Study This Study Both AA and DNA Used 
Nemertea Nemertopsis bivittata This Study This Study Both AA and DNA Used 
Nemertea Neolineus sp L This Study This Study Only AA Used:  Duplication Tree 
Nemertea Neolineus sp S This Study This Study Both AA and DNA Used 
Phoronida Phoronis psammophila L This Study This Study Only AA Used:  Duplication Tree 
Phoronida Phoronis psammophila S This Study This Study Both AA and DNA Used 
Phoronida Phoronis vancouverensis 
S  
This Study This Study Both AA and DNA Used 
Phoronida Phoronis vancouverensis 
L 
This Study This Study Only AA Used:  Duplication Tree 
Platyhelminthes: 
Catenulida 
Stenostomum sp This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Trematoda 
Schistosoma japonicum I AAW27117  GenBank: Only AA Used:  
Duplication Tree 
Platyhelminthes: 
Trematoda 
Schistosoma japonicum 
II 
AAW27631  GenBank: Only AA Used:  
Duplication Tree 
Platyhelminthes: 
Trematoda 
Schistosoma mansoni AAV65746 AY653161 GenBank: Both AA and DNA Used 
Platyhelminthes: 
Polycladida 
Pseudoceros crozieri This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Polycladida 
Stylochus frontalis This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Tricladida 
Bdelloura candida This Study This Study Both AA and DNA Used 
Platyhelminthes: 
Tricladida 
Dugesia dorotocephala This Study This Study Both AA and DNA Used 
Rotifera: Monogononta Brachionus plicatilis L This Study This Study Both AA and DNA Used 
Rotifera: Monogononta Lecane sp This Study This Study Both AA and DNA Used 
Sipuncula Phascolion sp II This Study This Study Only AA Used:  Duplication Tree 
Sipuncula Phascolion sp IL This Study This Study Only AA Used:  Duplication Tree 
Sipuncula Phascolion sp IS This Study This Study Both AA and DNA Used 
Sipuncula Phascolopsis gouldi L This Study This Study Only AA Used:  Duplication Tree 
Sipuncula Phascolopsis gouldi S This Study This Study Both AA and DNA Used 
Fungi: Ascomycota Cryptococcus 
neoformans I 
XP_567088 XM_567088 GenBank: Both AA and DNA Used 
Fungi: Ascomycota Cryptococcus 
neoformans II 
XP_569542  GenBank: Only AA Used:  
Duplication Tree 
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Major Group Species AA DNA Notes 
Fungi: 
Basidiomycota 
Neosartorya fischeri I XP_001265436 XM_001265435 GenBank: Both AA and DNA Used 
Fungi: 
Basidiomycota 
Neosartorya fischeri 
II 
XP_001260336  GenBank: Only AA Used:  Duplication 
Tree 
These sequences were employed to generate various trees used in this study.  Several amino acid sequences 
were only used in the G3PDH Multi-form Sequences Tree (Figure 4.7) in collapsed clades and thus do not 
appear as named here.  Sequences obtained from the Joint Genome Institution have had the letters JGI 
appended to the beginning of the reference numbers for ease of identification. 
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Appendix B.15:  SSU Sequences Used in this Study 
Major Group Species Accession # Database 
Annelida: Oligochaeta Lumbriculus variegatus AF20945 ERDB 
Annelida: Oligochaeta Lumbricus terrestris AJ272183 ERDB 
Annelida: Polychaeta Pectinaria regalis AY040698 NCBI 
Annelida: Polychaeta Sabella spallanzanii AY436350 NCBI 
Annelida: Polychaeta Serpula vermicularis AY732224 NCBI 
Annelida: Polychaeta Chaetopterus luteus DQ209220 NCBI 
Annelida: Polychaeta Ophiodromus pugettensis DQ790086 NCBI 
Arthropoda: Arachnida Misumenops asperatus AY210445 NCBI 
Arthropoda: Branchiopoda Artemia franciscana AJ238061 NCBI 
Arthropoda: Branchiopoda Daphnia pulex AF014011 NCBI 
Arthropoda: Chilopoda Lithobius obscurus AF334271 NCBI 
Arthropoda: Collembola Hypogastrura dolsana Z26765 ERDB 
Arthropoda: Diplopoda Polydesmus coriaceus AF005449 ERDB 
Arthropoda: Insecta Apis mellifera AY703484 NCBI 
Arthropoda: Insecta Bombyx mori DQ347470 NCBI 
Arthropoda: Insecta Drosophila melanogaster M21017 ERDB 
Arthropoda: Insecta Lepisma saccharina X89484 ERDB 
Arthropoda: Insecta Locusta migratoria AF370793 NCBI 
Arthropoda: Insecta Lymantria xylina DQ179248 NCBI 
Arthropoda: Insecta Tenebrio molitor X07801 ERDB 
Arthropoda: Malacostraca Emerita emeritus AY583971 NCBI 
Arthropoda: Malacostraca Panulirus argus U19182 ERDB 
Arthropoda: Malacostraca Porcellio scaber AJ287062 NCBI 
Arthropoda: Malacostraca Procambarus clarkii AF436001 NCBI 
Arthropoda: Malacostraca Sphaeroma serratum AF255694 NCBI 
Arthropoda: Merostomata Limulus polyphemus L81949 ERRDB 
Arthropoda: Pycnogonida Pycnogonum diceros DQ389939 NCBI 
Brachiopoda Glottidia pyramidata U12647 ERDB 
Brachiopoda Terebratalia transversa AF025945 ERDB 
Brachiopoda Terebratulina retusa U08324 NCBI 
Chordata: Cephalochordata Branchiostoma floridae M97571 ERDB 
Chordata: Urochordata Ciona intestinalis AB013017 ERDB 
Chordata: Urochordata Distaplia dubia AB211068 NCBI 
Chordata: Urochordata Halocynthia roretzi AB013016 ERDB 
Chordata: Urochordata Molgula occulta L12430 ERDB 
Chordata: Vertebrata Bos taurus DQ222453 NCBI 
Chordata: Vertebrata Canis familiaris NW878652 NCBI 
Chordata: Vertebrata Danio rerio NW001513878 NCBI 
Chordata: Vertebrata Gallus gallus AF173612 ERDB 
Chordata: Vertebrata Homo sapiens K03432 ERDB 
Chordata: Vertebrata Monodelphis domestica AJ311676 NCBI 
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Major Group Species Accession # Database 
Chordata: Vertebrata Mus musculus  X00686 ERDB 
Chordata: Vertebrata Scophthalmus maximus EF126038 NCBI 
Chordata: Vertebrata Xenopus laevis X02995 ERDB 
Cnidaria: Anthozoa Nematostella vectensis AF25438 NCBI 
Ctenophora Mnemiopsis leidyi AF293700 NCBI 
Echinodermata: Asteroidea Henricia ohshimai AB084555 NCBI 
Echinodermata: Asteroidea Luidia maculata AB084548 NCBI 
Echinodermata: Echinoidea Encope aberrans Z37126 ERDB 
Echinodermata: Echinoidea Strongylocentrotus purpuratus L28056 ERDB 
Echinodermata: Holothuroidea Holothuria arenicola AY133475 NCBI 
Echinodermata: Holothuroidea Leptosynapta inhaerens AY133468 NCBI 
Echinodermata: Ophiuroidea Amphipholis squamata X97156 ERDB 
Ectoprocta: Gymnolaemata Bugula neritina AF499749 NCBI 
Ectoprocta: Phylactolaemata Cristatella mucedo AF025947 NCBI 
Hemichordata Ptychodera bahamensis AF236802 ERDB 
Hemichordata Saccoglossus bromophenolosus AF236801 ERDB 
Mollusca: Bivalvia Callista chione AJ007613 ERDB 
Mollusca: Bivalvia Corbicula fluminea AF120557 NCBI 
Mollusca: Bivalvia Crassostrea virginica X60315 ERDB 
Mollusca: Bivalvia Mercenaria mercenaria AF106073 ERDB 
Mollusca: Gastropoda Diodora graeca AF120513 NCBI 
Mollusca: Gastropoda Ellobium chinensis AF190452 NCBI 
Mollusca: Gastropoda Elysia viridis AY427499 NCBI 
Mollusca: Polyplacophora Katharina tunicata AY377650 NCBI 
Mollusca: Polyplacophora Mopalia muscosa AY377648 NCBI 
Nematoda Caenorhabditis briggsae U13929 ERDB 
Nematoda Caenorhabditis elegans X03680 ERDB 
Nematoda Xiphinema index AY687997 NCBI 
Nemertea Amphiporus hastatus  AY928344 NCBI 
Nemertea Cerebratulus lacteus AY145368 NCBI 
Nemertea Emplectonema gracile AY928347 NCBI 
Phoronida Phoronis psammophila AF025946 NCBI 
Phoronida Phoronis vancouverensis U12648 ERDB 
Platyhelminthes: Acoela Childia groenlandica AJ012529 ERDB 
Platyhelminthes: Catenulida Stenostomum leucops U70084 ERDB 
Platyhelminthes: Trematoda Schistosoma mansoni X53986 ERDB 
Platyhelminthes: Polycladida Pseudoceros tritriatus AJ228794 ERDB 
Platyhelminthes: Polycladida Stylochus zebra AF342801 NCBI 
Platyhelminthes: Tricladida Bdelloura candida Z99947 ERDB 
Platyhelminthes: Tricladida Dugesia mediterranea U31084 ERDB 
Porifera: Demospongiae Geodia neptuni AY737635 NCBI 
Rotifera: Bdelloidea Philodina acuticornis U41281 ERDB 
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Major Group Species Accession # Database 
Rotifera: Monogononta Brachionus plicatilis U49911 ERDB 
Rotifera: Monogononta Lecane bulla DQ297698 NCBI 
Sipuncula Phascolion strombi AY210449 NCBI 
Sipuncula Phascolopsis gouldi AF342796 NCBI 
Tardigrada Hypsibius sp Z93337 NCBI 
Choanoflagellata Monosiga brevicollis AF100940 ERDB 
Fungi: Ascomycota Cryptococcus neoformans L05427 ERDB 
Fungi: Basidiomycota Neosartorya fischeri U21299 NCBI 
These SSU sequences were employed in various combinations to generate the trees used in this study.  The 
accession numbers come from the databases containing the sequences.  NCBI = National Center for 
Biotechnology Information (http://www.ncbi.nlm.nih.gov).  ERDB = European Ribosomal RNA Data Base 
(http://bioinformatics.psb.ugent.be/webtools/rRNA).  The ERDB sequences are obtained pre-aligned 
according to secondary structure. 
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Appendix B.16:  Single and Combined Dataset Taxon Names 
Major Group SERCA G3PDH SSU Combined 
Datasets 
Annelida: Oligochaeta Lumbriculus variegatus Lumbriculus variegatus Lumbriculus 
variegatus 
Lumbriculus 
variegatus 
Annelida: Oligochaeta Lumbricus terrestris Lumbricus terrestris Lumbricus terrestris Lumbricus terrestris 
Annelida: Sabellida  Sabella melanostigma Sabella spallanzanii Sabella spp.* 
Annelida: Sabellida Serpula vermicularis  Serpula vermicularis Serpula vermicularis * 
Annelida: Terebellida Pectinaria gouldi Pectinaria gouldi Pectinaria regalis Pectinaria spp. 
Annelida: Spionida Chaetopterus 
variopedatus 
Chaetopterus 
variopedatus 
Chaetopterus luteus Chaetopterus spp. 
Annelida: Phyllodocida Podarke obscura Podarke obscura Ophiodromus 
pugettensis 
Hesionidae 
Arthropoda: 
Arachnida 
Dolomedes tenebrosus  Misumenops 
asperatus 
Araneae 
Arthropoda: 
Branchiopoda 
Artemia franciscana  Artemia franciscana Artemia franciscana 
Arthropoda: 
Branchiopoda 
Daphnia pulex Daphnia pulex Daphnia pulex Daphnia pulex 
Arthropoda: 
Chilopoda 
Lithobius sp.  Lithobius obscurus Lithobius spp. 
Arthropoda: 
Collembola 
Anurida maritima Anurida maritima Hypogastrura 
dolsana 
Hypogastruridae 
Arthropoda: 
Diplopoda 
Pseudopolydesmus 
serratus 
Pseudopolydesmus 
serratus 
Polydesmus 
coriaceus 
Polydesmidae 
Arthropoda: Insecta  Bombyx mori Bombyx mori Bombyx mori ** 
Arthropoda: Insecta  Locusta migratoria Locusta migratoria Locusta migratoria 
Arthropoda: Insecta Apis mellifera Apis mellifera Apis mellifera Apis mellifera 
Arthropoda: Insecta Drosophila 
melanogaster 
Drosophila 
melanogaster 
Drosophila 
melanogaster 
Drosophila 
melanogaster 
Arthropoda: Insecta Heliothis virescens  Lymantria xylina Lepidoptera ** 
Arthropoda: Insecta Lepisma saccharina Lepisma saccharina Lepisma saccharina Lepisma saccharina 
Arthropoda: Insecta Tribolium castaneum Tribolium castaneum Tenebrio molitor Tenebrionidae 
Arthropoda: 
Malacostraca 
Emerita talpoida Emerita talpoida Emerita emeritus Emerita spp. 
Arthropoda: 
Malacostraca 
Panulirus argus  Panulirus argus Panulirus argus 
Arthropoda: 
Malacostraca 
Porcellio scaber  Porcellio scaber Porcellio scaber 
Arthropoda: 
Malacostraca 
Procambarus clarkii  Procambarus clarkii Procambarus clarkii 
Arthropoda: 
Malacostraca 
Sphaeroma destructor Sphaeroma destructor Sphaeroma serratum Sphaeroma spp. 
Arthropoda: 
Merostomata 
Limulus polyphemus Limulus polyphemus Limulus polyphemus Limulus polyphemus 
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Major Group SERCA G3PDH SSU Combined 
Datasets 
Arthropoda: 
Pycnogonida 
Pycnogonum littorale Pycnogonum littorale Pycnogonum diceros Pycnogonum spp. 
Brachiopoda Glottidia pyramidata Glottidia pyramidata Glottidia pyramidata Glottidia pyramidata 
Brachiopoda Terebratulina 
septentrionalis 
Terebratulina 
septentrionalis 
Terebratulina retusa Terebratulina spp. 
Brachiopoda Terebratalia transversa Terebratalia transversa Terebratalia transversa Terebratalia 
transversa 
Chordata: 
Cephalochordata 
Branchiostoma floridae Branchiostoma floridae Branchiostoma floridae Branchiostoma 
floridae 
Chordata: 
Urochordata 
Aplidium californicum Aplidium californicum Distaplia dubia Aplousobranchia 
Chordata: 
Urochordata 
Ciona intestinalis Ciona intestinalis Ciona intestinalis Ciona intestinalis 
Chordata: 
Urochordata 
Halocynthia roretzi  Halocynthia roretzi Halocynthia roretzi 
Chordata: 
Urochordata 
Molgula occidentalis Molgula occidentalis Molgula occulta Molgula spp. 
Chordata: Vertebrata Bos taurus Bos taurus Bos taurus Bos taurus 
Chordata: Vertebrata Canis familiaris Canis familiaris Canis familiaris Canis familiaris 
Chordata: Vertebrata Danio rerio Danio rerio Danio rerio Danio rerio 
Chordata: Vertebrata Gallus gallus  Gallus gallus Gallus gallus 
Chordata: Vertebrata Homo sapiens Homo sapiens Homo sapiens Homo sapiens 
Chordata: Vertebrata Monodelphis domestica  Monodelphis domestica Monodelphis 
domestica 
Chordata: Vertebrata Mus musculus Mus musculus Mus musculus  Mus musculus 
Chordata: Vertebrata Takifugu rubripes Takifugu rubripes Scophthalmus maximus Percomorpha 
Chordata: Vertebrata Xenopus laevis Xenopus laevis Xenopus laevis Xenopus laevis 
Cnidaria: Anthozoa Nematostella vectensis Nematostella vectensis Nematostella vectensis Nematostella 
vectensis 
Ctenophora Mnemiopsis mccradyi  Mnemiopsis leidyi Mnemiopsis spp. 
Echinodermata: 
Asteroidea 
 Henricia leviuscula Henricia ohshimai Henricia spp. *** 
Echinodermata: 
Asteroidea 
Luidia senegalensis  Luidia maculata Luidia spp. *** 
Echinodermata: 
Echinoidea 
Mellita 
quinquiesperforata 
Mellita 
quinquiesperforata 
Encope aberrans Mellitidae 
Echinodermata: 
Echinoidea 
Strongylocentrotus 
droebachiensis 
Strongylocentrotus 
droebachiensis 
Strongylocentrotus 
purpuratus 
Strongylocentrotus 
spp. 
Echinodermata: 
Holothuroidea 
Parastichopus 
californicus 
Parastichopus 
californicus 
Holothuria arenicola Aspidochirotacea 
Echinodermata: 
Holothuroidea 
Synaptula hydriformis Synaptula hydriformis Leptosynapta 
inhaerens 
Synaptidae 
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Major Group SERCA G3PDH SSU Combined Datasets 
Echinodermata: 
Ophiuroidea 
Ophiothrix angulata Ophiothrix angulata Amphipholis squamata Ophiurida 
Ectoprocta: 
Gymnolaemata 
Bugula neritina  Bugula neritina Bugula neritina 
Ectoprocta: 
Phylactolaemata 
Pectinatella 
magnifica 
 Cristatella mucedo Plumatellida 
Hemichordata  Saccoglossus 
bromophenolosus 
Saccoglossus 
bromophenolosus 
Saccoglossus 
bromophenolosus **** 
Hemichordata Ptychodera 
bahamensis 
 Ptychodera bahamensis Ptychodera bahamensis 
**** 
Mollusca: Bivalvia Corbicula fluminea Corbicula fluminea Corbicula fluminea Corbicula fluminea 
Mollusca: Bivalvia Crassostrea 
virginica 
Crassostrea virginica Crassostrea virginica Crassostrea virginica 
Mollusca: Bivalvia Macrocallista 
nimbosa 
Macrocallista nimbosa Callista chione Venerinae 
Mollusca: Bivalvia Mercenaria 
campechiensis 
Mercenaria 
campechiensis 
Mercenaria mercenaria Mercenaria spp. 
Mollusca: Gastropoda  Elysia clarki Elysia viridis Elysia spp. 
Mollusca: Gastropoda  Melampus coffeus Ellobium chinensis Ellobiidae 
Mollusca: Gastropoda Lottia gigantea Lottia gigantea Diodora graeca Limpet 
Mollusca: 
Polyplacophora 
 Katharina tunicata Katherine tunicata Katherine tunicata 
Mollusca: 
Polyplacophora 
 Mopalia muscosa Mopalia muscosa Mopalia muscosa 
Nematoda Caenorhabditis 
briggsae 
Caenorhabditis 
briggsae 
Caenorhabditis 
briggsae 
Caenorhabditis briggsae 
Nematoda Caenorhabditis 
elegans 
Caenorhabditis elegans Caenorhabditis elegans Caenorhabditis elegans 
Nematoda Xiphinema index  Xiphinema index Xiphinema index 
Nemertea Amphiporus 
ochraceus 
Amphiporus ochraceus Amphiporus hastatus  Amphiporus spp. 
Nemertea Nemertopsis 
bivittata 
Nemertopsis bivittata Emplectonema gracile Emplectonematidae 
Nemertea Neolineus sp Neolineus sp Cerebratulus lacteus Lineidae 
Phoronida  Phoronis psammophila Phoronis psammophila Phoronis psammophila 
Phoronida  Phoronis 
vancouverensis 
Phoronis 
vancouverensis 
Phoronis vancouverensis 
Platyhelminthes: 
Acoela 
Childia 
groenlandica 
 Childia groenlandica Childia groenlandica 
Platyhelminthes: 
Catenulida 
Stenostomum sp Stenostomum sp Stenostomum leucops Stenostomum spp. 
Platyhelminthes: 
Trematoda 
Schistosoma 
mansoni 
Schistosoma mansoni Schistosoma mansoni Schistosoma mansoni 
Platyhelminthes: 
Polycladida 
Pseudoceros 
crozieri 
Pseudoceros crosier Pseudoceros tritriatus Pseudoceros spp. 
 200 
Appendix B.16 (Continued) 
 
Major Group SERCA G3PDH SSU Combined 
Datasets 
Platyhelminthes: 
Polycladida 
Stylochus frontalis Stylochus frontalis Stylochus zebra Stylochus spp. 
Platyhelminthes: 
Tricladida 
 Bdelloura candida Bdelloura candida Bdelloura candida 
Platyhelminthes: 
Tricladida 
Dugesia 
dorotocephala 
Dugesia 
dorotocephala 
Dugesia mediterranea Dugesia spp. 
Porifera: Demospongiae Stellata grubii  Geodia neptuni Astrophorida 
Rotifera: Bdelloidea Philodina sp.  Philodina acuticornis Philodina spp. 
Rotifera: Monogononta Brachionus plicatilis Brachionus plicatilis Brachionus plicatilis Brachionus plicatilis 
Rotifera: Monogononta Lecane sp. Lecane sp. Lecane bulla Lecane spp. 
Sipuncula Phascolion sp. Phascolion sp. Phascolion strombi Phascolion spp. 
Sipuncula Phascolopsis gouldi Phascolopsis gouldi Phascolopsis gouldi Phascolopsis gouldi 
Tardigrada Hypsibius dujardini  Hypsibius sp. Hypsibius spp. 
Choanoflagellata Monosiga brevicollis  Monosiga brevicollis Monosiga brevicollis 
Fungi: Ascomycota Cryptococcus 
neoformans 
Cryptococcus 
neoformans 
Cryptococcus 
neoformans 
Cryptococcus 
neoformans 
Fungi: Basidiomycota Neosartorya fischeri Neosartorya fischeri Neosartorya fischeri Neosartorya fischeri 
Some taxa did not match perfectly among the combined datasets.  In most cases the lack of available SSU 
sequences caused the mismatches and the taxonomically closest and most complete SSU sequences were 
used instead.  Most of the SERCA and G3PDH sequences were generated by the current study.  Therefore, 
only four cases occurred in which the taxa for these genes did not corresponded exactly and could only be 
matched at the Class-Order level.  When this sort of mismatch occurred, the SERCA + G3PDH and total 
combined datasets used the name of the lowest level taxon for which the sequences matched.  Moreover, 
the total combined datasets used the corresponding SSU taxon with the shorter branch length. 
* Annelid order Sabellida: SERCA = Serpula vermicularis, G3PDH = Sabella melanostigma, and SSU = 
Sabella melanostigma. 
** Arthropod (Insecta) order Lepidoptera: SERCA = Heliothis virescens, G3PDH = Bombyx mori, and 
SSU = Bombyx mori. 
*** Echinoderm Class Asteroidea: SERCA = Luidia senegalensis, G3PDH = Henricia leviuscula, and SSU 
= Henricia ohshimai. 
**** Hemichordata Class Enteropneusta: SERCA = Ptychodera bahamensis, G3PDH = Saccoglossus 
bromophenolosus, and SSU =  Ptychodera bahamensis.  
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